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ABSTRACT 

The  residual  strength  concept  has  been  used  to 
analyze  slips  in  overconsolidated  London  Clay  and  it  has 
been  found  that  this  strength  closely  represented  that 
mobilized  at  failure.  Many  landslides  in  overconsolidated 
clays  of  Alberta  cannot  be  successfully  analyzed  on  a  total 
or  effective  stress  basis,  but  no  attempts  have  been  made 
previously  to  employ  the  residual  strength.  The  residual 
strength  was  therefore  obtained  for  a  clay  along  the  Little 
Smoky  River  and  used  to  analyze  the  instability  at  a  particular 
bridge  site  where  serious  movement  has  been  prevalent. 

The  residual  strength  was  determined  by  direct 
shear  tests  carried  out  to  large  strains.  Triaxial  un¬ 
drained  compression  tests  with  pore  pressure  measurement 
were  undertaken  to  compare  with  peak  strengths  from  direct 
shear  tests.  Triaxial  tests  on  remoulded  specimens  were 
conducted  to  investigate  the  similarity  between  remoulded 
and  residual  strength  parameters. 

A  geological  investigation  of  the  bridge  site 
revealed  that  the  soil  type  tested  was  a  clayey  till 
and  that  the  instability  was  in  this  formation.  The 
residual  angle  of  internal  friction  obtained  from  drained 
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direct  shear  tests  was  22.6  degrees  with  zero  cohesion.  This 
angle  agreed  very  well  with  the  angle  of  internal  friction 
representing  normally  consolidated  strengths  obtained  from 
triaxial  tests  on  undisturbed  specimens.  The  remoulded 
angle  was  26.6  degrees  and  was  therefore  not  satisfactory 
in  predicting  residual  strength. 

Stability  analyses  conducted  on  two  old  slips  gave 
factors  of  safety  of  1.06  and  1.24  using  observed  ground  water 
conditions.  The  safety  factor  of  1.24  became  1.04  if  the 
water  table  coincided  with  the  ground  surface.  There  was 
good  evidence  that  high  pore  pressures  exist  in  the  slope. 

The  Mohr  circles  obtained  from  triaxial  compression 

2 

tests  indicated  a  preconsolidation  load  of  2.2  kg/cm  .  At 
higher  test  pressures,  the  residual  and  peak  strengths  closely 
agreed.  Residual  strength  for  this  soil  type  did  not  therefore 
represent  a  dramatic  reduction  in  strength  as  found  for  London 
Clay  but  nevertheless  appeared  to  represent  the  in  situ  shear¬ 
ing  resistance  at  failure. 

Principal  recommendations  were  that  the  effect  of 
strain  rate  on  effective  strength  parameters  of  overconsoli¬ 
dated  clays  should  be  investigated  and  that  research  should 
be  continued  into  the  shearing  resistance  of  homionic , 
remoulded  overconsolidated  clays. 
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CHAPTER  1 


INTRODUCTION 

Inherent  in  the  occurrence  of  a  landslide  is  the 
fact  that  the  stresses  on  the  slip  surface  at  failure  should 
be  equal  to  the  strength  of  the  soil  through  which  the  slide 
passed,  or,  the  factor  of  safety  should  equal  unity.  Success 
has  been  achieved  in  obtaining  factors  of  safety  equal  to 
unity  for  slips  in  normally  consolidated  and  lightly  over¬ 
consolidated  clays,  but  overconsolidated  clays  have  generally 
proven  to  be  incapable  of  an  accurate  analysis.  This  has 
been  true  when  shearing  resistance  has  been  expressed  in 
terms  of  either  total  or  effective  stresses. 

The  cause  of  high  strength  that  contributes  to 
factors  of  safety  in  excess  of  unity  has  received  much  atten¬ 
tion  in  the  past,  and  two  theories  have  evolved  which  have 
been  successful.  Hardy,  Brooker  and  Curtis  (1962)  reduced 
the  normal  effective  stress  on  the  failure  plane  by  the 
swelling  pressure  since  overconsolidated  clays  of  Alberta 
exhibit  a  large  degree  of  rebound  and  swell  in  oe'dometer 
tests.  Skempton  (1964)  successfully  analyzed  failures 
in  slopes  of  overconsolidated  London  Clay  using  residual 
strengths.  This  latter  concept  has  never  been  applied  to 
landslides  that  have  occurred  in  the  overconsolidated  clays 
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of  Alberta.  It  was  then  necessary  to  reassess  the  instability 
at  a  particular  site  in  Alberta  where  failure  has  occurred 
using  residual  strength. 

The  failure  selected  for  the  investigation  involved 
serious  movements  under  the  abutment  of  a  steel  truss  bridge 
situated  on  the  Little  Smoky  River,  approximately  35  miles 
north  of.  Valleyview,  Alberta.  The  bridge  was  constructed 
in  1957  and  since  that  time,  a  pier  and  two  abutments  have 
been  moving  at  a  fairly  constant  rate  toward  the  river.  Re¬ 
cently,  the  movements  increased  severely  and  expensive 
corrective  action  was  required  to  maintain  the  safety  of 
the  bridge.  Stability  analyses  of  the  movement  gave  factors 
of  safety  greater  than  unity  when  shear  strength  was  expressed 
in  terms  of  both  total  and  effective  stresses.  An  analysis 
made  using  the  swelling  pressure  to  reduce  the  normal  effec¬ 
tive  stress  resulted  in  a  factor  of  safety  of  0.98  (Hardy, 
Brooker  and  Curtis,  1962). 

The  residual  strength  of  the  Little  Smoky  Clay 
was  determined  in  a  direct  shear  box  in  order  to  facilitate 
the  achievement  of  the  large  strains  after  failure  required 
to  evaluate  this  strength.  No  tests  were  conducted  previously 
using  this  apparatus,  and  in  order  to  judge  the  validity 
of  the  results  obtained,  triaxial  undrained  tests  with 
pore  pressure  measurement  were  also  conducted  to  provide 
a  basis  for  comparing  peak  strengths.  Triaxial  tests  were 
also  conducted  on  samples  consolidated  from  a  slurry  to 


. 

' 


3 


investigate  the  suggested  (Skempton,  1964)  similarity  between 
these  strengths  and  the  residual  strength.  The  investiga¬ 
tion  was  limited  by  lack  of  time  for  determining  suitable 
strain  rates  for  the  triaxial  and  direct  shear  tests,  addi¬ 
tional  field  pore  pressure  observations  at  the  site  and  a 
clear  definition  of  the  failure  plane. 

The  investigation  begins  with  a  detailed  review 
of  shearing  resistance  and  the  problems  regarding  slope 
stability  in  overconsolidated  clays.  The  geology  of  the 
site  is  then  outlined  with  particular  emphasis  on  the 
Pleistocene  history.  The  apparatus  is  then  described  and 
procedures  outlined.  Test  results  are  discussed  in  detail 
followed  by  a  stability  analysis  using  residual  strength 
parameters.  Lastly,  conclusions  are  drawn  and  recommenda¬ 
tions  made. 
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CHAPTER  2 


LITERATURE  REVIEW 

Strength  Characteristics  of  Overconsolidated  Clays 

A  brief  review  is  made  concerning  the  shear 
strength  of  cohesive  soils  prior  to  discussing  slope  stability. 
This  review  emphasizes  the  shear  strength  of  overconsoli¬ 
dated  clays  as  it  is  the  laboratory  shearing  resistance  of 
these  clays  that  often  exceeds  the  calculated  shearing 
resistance  at  failure  determined  from  slips  in  natural  slopes. 
Overconsolidated  clays  are  recognized  as  those  having  been 
consolidated  under  loads  greater  than  those  that  presently 
exist  in  situ,  whereas  normally  consolidated  clays  have  never 
been  subjected  to  a  stress  greater  than  that  which  exists  at 
present . 

The  shearing  resistance  of  cohesive  soils  has  been 
expressed  by  the  Mohr-Coulomb  equation  x  =  c  +  o  tan  <j>  where 
c  is  cohesion,  4>  is  the  angle  of  internal  friction  and  a  re¬ 
presents  the  stress,  normal  to  the  failure  plane.  The  Mohr 
envelope  representing  this  equation  is  obtained  by  consolidated 
undrained  triaxial  tests,  but  it  has  been  found  that  strengths 
determined  in  this  manner  are  usually  higher  than  in  situ, 
since  reconsolidation  in  the  laboratory  results  in  a  lower 
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void  ratio  (Bishop  and  Bjerrum,  1960).  Besides,  there  is 

no  requirements  to  find  c  and  <J>  since  undrained  tests  or,  in 

particular,  the  unconfined  compression  test  ( <t>  =  0)  is 

more  economical  and  has  been  found  to  closely  represent  the 

in  situ  strength  of  some  clays.  The  undrained  test  gives 

the  same  strength  for  saturated  specimens  at  the  same  moisture 

content,  or  in  other  words,  <|>  is  equal  to  zero.  The 

<J>  =  0  concept  of  strength  has  been  found  to  closely  reflect 

the  short  term  strength  of  a  clay  or  the  strength  immediately 

after  construction.  Nevertheless,  research  was  conducted 

to  determine  strength  parameters  that  were  unique  for  a 

clay  since  the  values  of  c  and  <f>  were  susceptible  to  structural 

changes  caused  by  sampling  and  the  pore  pressures  developed  in 

shear . 

It  was  Terzaghi's  hypothesis  that  shear  strength 
and  deformations  of  soils  depended  only  on  effective  stresses 
which  led  to  the  concept  of  effective  cohesion,  c' ,  and  effec¬ 
tive  angle  of  internal  friction,  <|>  '  .  These  strength  parameters 
were  considered  unique  for  a  particular  cohesive  soil.  The 
Mohr-Coulomb  equation  was  modified  to  t  '  =  c'  +  o'  tan  <J> 1 
where  o'  =  a  -  y  and  represented  the  effective  normal  stress 
on  the  failure  plane  and  y  was  the  pore  pressure.  There  is 
much  evidence,  however,  that  c’  and  <j>  ’  may  vary  considerably, 
depending  on  the  test  procedures  used  to  determine  them.  Some 
of  the  more  common  factors  that  affect  the  values  of  the  effec¬ 
tive  shear  strength  parameters  determined  in  the  laboratory 
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are : 

a .  Strain  Rate  -  Viscous  Effect 

It  is  well  known  that  the  undrained  strength  of 
cohesive  soils  decreases  with  decreasing  strain  rates  (Taylor, 
1948).  The  extreme  effect  of  very  low  rates  of  stress  appli¬ 
cation  was  studied  by  Casagrande  and  Wilson  (1951)  using 
undrained  creep  tests  from  which  it  was  found  that  the 
undrained  creep  strength  of  heavily  overconsolidated  clay 
shales  was  approximately  40  to  80  per  cent  of  the  strengths 
obtained  using  normal  strain  rates.  For  specimens  of  Bear 
Paw  Shale  obtained  from  the  South  Saskatchewan  River  Project, 
the  creep  strength  was  80  per  cent  of  the  peak  value  after 
30  days. 

b .  Pore  Pressure  Measurement 

If  pore  pressures  are  to  be  measured  in  triaxial 
undrained  tests,  a  suitable  strain  rate  must  be  selected  in 
order  to  permit  equalization  of  pore  pressures  in  the  speci¬ 
men  and  to  overcome  the  time  lag  in  the  pore  pressure  measur¬ 
ing  system  (Bishop  and  Henkel,  1962).  The  effect  of  the  time 
lag  in  the  measuring  device  can  be  readily  taken  into  account 
and  the  problem  has  been  greatly  reduced  at  the  University  of 
Alberta  by  the  use  of  transducers  inserted  at  the  base  of 
the  cells.  This  instrument  requires  a  very  low  volume  change 
to  record  pore  pressure  changes.  The  time  required  for  the 

equalization  of  pore  pressure  can  be  computed  using  the  con¬ 
solidation  characteristics  of  the  specimen  (Bishop  and 
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Henkel,  1962).  However,  Bishop  and  Henkel  have  expressed 
doubt  about  the  reliability  of  this  calculation  for  over¬ 
consolidated  clays  that  deform  along  narrow  zones  and  there 
is  evidence  that  strain  rates  should  be  much  slower  than 
estimated.  Non-uniform  deformations  in  triaxial  specimens 
appear  to  be  the  principal  cause  of  migration  of  pore 
water  in  undrained  tests  and  non-uniform  volume  changes  in 
drained  tests.  Even  sands  exhibit  the  latter  characteristic 
and  surprisingly,  Shockley  and  Ahlvin  (1960)  found  in  triaxial 
tests  that  the  volume  increased  in  the  failure  zone  of  a 
loose  sand  specimen  while  decreasing  elsewhere.  The  migration 
of  pore  water  in  cohesive  soils  has  been  discussed  by  Olsen 
(1960).  Olsen  concluded  from  the  results  of  moisture  content 
profiles  taken  vertically  through  triaxial  test  specimens, 
that  for  heavily  overconsolidated  clays  pore  pressures  in 
the  failure  zone  are  negative  and  moisture,  therefore,  migrates 
away  from  the  ends  of  the  specimen  during  shear.  For  normally 
and  lightly  overconsolidated  clays ,  the  opposite  trend  in 
moisture  migration  occurs.  The  effect  of  not  fully  account¬ 
ing  for  moisture  migration  in  overconsolidated  clays  was 
described  by  Hirschfield  (1960).  He  concluded  that  pore 
pressures  measured  at  the  base  of  the  specimen  would  tend  to 
be  higher  than  in  the  failure  zone  with  the  result  that  the 
effective  strength  envelope  would  lie  above  that  obtained,  if 
full  equalization  had  been  allowed  to  occur.  Probes  may 
be  used  to  overcome  the  problem  of  measuring  pore  pressures 
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at  the  base  of  the  specimen,  but  the  location  of  the  probe 
may  not  be  in  the  zone  where  the  largest  negative  or  positive 
pore  pressure  occurs.  A  trial  and  error  procedure  may  be 
used  to  determine  the  correct  strain  rate ,  but  this  is  com¬ 
plicated  by  the  viscous  decrease  in  the  undrained  strength 
mentioned  in  sub-paragraph  a.  Although  there  are  many 
associated  problems  involved,  it  is  essential  that  further 
research  be  conducted  along  these  lines,  since  equalization 
of  pore  pressure  appears  to  be  a  principal  problem  of  heavily 
overconsolidated  clays  having  low  permeability,  and  it  is 
these  clays  that  are  giving  the  high  factors  of  safety  in 
stability  analyses. 

c .  Strain  Rate  -  Drained  Tests 

If  c'  and  <j>  1  are  to  be  determined  by  drained  tests, 
the  rate  of  strain  must  be  sufficiently  slow  to  allow  for 
complete  dissipation  of  excess  pore  pressures  at  failure. 
Hvorslev  (1960)  presented  results  which  illustrated  the 
effect  of  various  strain  rates  on  the  shearing  resistance 
obtained  from  drained  tests.  The  shearing  resistance  of 
normally  consolidated  specimens  increased  with  decreasing 
strain  rates  but  decreased  for  overconsolidated  specimens . 

d .  Partial  Saturation 

In  undrained  tests  with  pore  pressure  measurement, 
partially  saturated  soils  may  expel  air  bubbles  that  will 
block  ports  at  which  pore  pressures  are  being  monitored, 
giving  erroneous  evaluations  of  effective  shearing  resistance 
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(Bishop  and  Henkel,  1962).  There  is  also  the  question  concern¬ 
ing  the  value  of  the  neutral  pressure  for  a  two  phase  air/ 
water  system  in  the  voids  of  a  partially  saturated  clay. 

Bishop,  Alpin,  Blight  and  Donald  (1960)  subtracted  the  pore 
air  pressure  from  the  total  normal  stress  on  the  failure 
plane  using  a  parameter  x  which  varied  from  unity  (S  =  100%) 
to  zero  for  a  completely  dry  soil.  The  expression  for  the 

normal  effective  stress  was  o  =  a  -  y  +  x(y  -  y  )  where 

a  a  w 

y^  and  y^  were  air  and  pore  water  pressure  respectively. 

This  method  involved  the  separate  measurement  of  the  pore 
air  pressure,  which  further  complicated  the  laboratory  determina¬ 
tion  of  shearing  resistance.  Lowe  and  Johnson  (1960)  found 
that  the  undrained  strength  decreased  with  increased  satura¬ 
tion  and  concluded  that  it  was  prudent  to  conduct  tests  under 
as  high  a  degree  of  saturation  as  possible.  Bishop,  Alpan  et  al 
(  1960  )  observed  smaller  values  of  c'  and  <j)  ’  in  compacted 
soils  that  were  back  pressured  to  achieve  100  per  cent  satura¬ 
tion  but  it  could  not  be  definitely  concluded  whether  strain 
rate ,  the  use  of  high  air  entry  porous  stones  or  saturation 
caused  this  decrease. 

e  .  Stress  History 

The  strength  parameters  c '  and  <j>  '  are  dependent 

on  stress  history.  The  effect  of  preconsolidation  load  can 

be  demonstrated  by  the  Krey-Tiedemann  modification  of  the 

Coulomb-Mohr  strength  equation  which  is  x  =  tan  <J>^  + 

a  i  tan  <6'  where  o'  is  the  preconsolidation  load  and 
f  r  d  ^ 
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is  the  normal  effective  stress  on  the  failure  plane 
(Hvorslev,  1960).  The  equation  is  illustrated  in  Figure  2.1. 


FIGURE  2.1  KREY— TIE  DEMAN  N  MODIFICATION  OF  THE 

MOHR-COULOMB  STRENGTH  EQUATION 

[after  hvorslev , 1 960] 


In  the  Krey-Tiedemann  equation  and  in  Figure  2.1  it  can  be 
seen  that  o'  is  dependent  on  and  that  for  other  values 
of  o^,  shear  strength  lines  parallel  to  AB  would  be  obtained. 
The  straight  line  AB  representing  the  overconsolidated 
strength  envelope  is  somewhat  empirical  since  test  results 
have  revealed  a  curvature  of  this  envelope  (Hvorslev,  1960). 


, 
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f .  Prestress  Effect 

The  effective  shear  strength  parameters  c’  and 
'  can  be  determined  in  two  ways ;  by  consolidated-undrained 
triaxial  tests  with  pore  pressure  measurement  and  by  slow 
or  drained  tests.  There  is  evidence  that  the  parameters 
obtained  from  each  of  these  tests  may  not  be  the  same. 
Hirschfield  (1960)  found  that  the  effective  parameters  deter¬ 
mined  from  undrained  triaxial  tests  tended  to  be  higher  than 
those  from  drained  tests  for  normally  consolidated  clays 
that  exhibited  relatively  high  positive  pore  pressures.  For 
such  clays,  the  effective  stresses  in  undrained  tests  decreased 
during  shear  causing  a  prestress  that  imparted  additional 
strength.  Bishop  and  Henkel  (1962)  indicated  that  this  dis¬ 
crepancy  could  be  overcome  by  comparing  strengths  after 
correcting  for  differences  in  the  strain  rates.  However, 
overconsolidated  clays  showed  drained  strengths  greater  than 
undrained  on  an  effective  stress  basis,  especially  if  the 
specimen  volume  increased  during  shear.  The  drained  test 
has  extra  strength  due  to  the  work  done  against  the  con¬ 
fining  pressure,  or  normal  load  in  the  case  of  the  direct 
shear  test  (Bishop  and  Bjerrum,  1960;  Hvorslev,  1960; 

Wroth,  1958).  According  to  Wroth,  the  surface  energy  or 
dilation  correction  may  be  difficult  to  apply  to  drained 
test  results  on  heavily  overconsolidated  clays ,  since  deforma¬ 
tions  in  this  case  are  usually  confined  to  a  very  small  zone. 
This  infers  that  it  is  possible  for  a  specimen  to  dilate 
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in  a  narrow  zone  in  shear  while  other  portions  of  the  speci¬ 
men  are  decreasing  in  volume.  Shockley  and  Ahlvin  (1960) 
found  this  to  occur  with  sands.  Moisture  content  changes 
in  triaxial  and  direct  shear  specimens  are  investigated 
in  this  thesis  to  specifically  determine  if  dilation  is 
occurring  and  if  it  is  reflected  in  volume  changes  or  pore 
pressure  measurements. 

Discussion 

Of  the  many  factors  that  affect  the  determination 
of  c'  and  4)'  in  the  laboratory,  the  rate  of  strain  appears 
to  be  the  most  important.  At  low  rates  of  strain,  the  creep 
or  viscous  effect  plays  an  increasingly  important  part.  Strain 
rate  appears  to  have  a  considerable  effect  on  the  measurement 
of  pore  pressure,  particularly  if  deformations  in  the  speci¬ 
men  are  not  uniform.  A  suitable  strain  rate  is  necessary 
to  ensure  that  effective  stresses  are  fully  mobilized  in 
drained  tests.  For  moderate  to  heavily  overconsolidated  clays, 
it  appears  that  the  above  mentioned  factors  will  tend  to 
decrease  values  of  c ’  and  <f> 1  as  the  rate  of  strain  decreases. 
For  such  clays,  it  is  likely  that  progressively  lower  values 
of  strength  may  be  obtained  until  a  strain  rate  representing 
creep  is  obtained  for  undrained  tests.  Drained  tests  on 
some  clays  also  show  a  gradual  decrease  in  strength  for  test 
durations  exceeding  that  required  for  a  fully  drained  test, 
an  observation  that  is  attributed  to  the  viscous  or  creep 
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effect  (Bishop  and  Henkel,  1962).  It  is  then  possible  that 
the  normal  strain  rates  used  in  the  laboratory  to  determine 
shear  strength  contribute  toward  the  high  shearing  resistance 
obtained  for  overconsolidated  clays  and  the  author  feels 
that  investigations  into  the  effect  of  strain  rate  on  similar 
clays  in  Alberta  would  be  worthwhile. 

Failure  Criterion 

The  failure  criterion  used  in  undrained  triaxial 
tests  may  also  have  an  effect  on  the  strength  parameters, 
c'  and  <p  '  .  The  failure  criterion  normally  used  is  based  on 
effective  stress  circles  corresponding  to  the  maximum 

deviator  stress.  Failure  may  also  be  taken  at  the  point 

0  T 
1 

where  the  principal  effective  stress  ratio  (^-p)  reaches  a 

3 

maximum.  According  to  Bishop  and  Bjerrum,  (1960),  the 

difference  in  strength  obtained  from  the  two  criteria  is 

small  for  practical  purposes.  For  overconsolidated  clays 

that  fail  at  large  strains  and  exhibit  a  decrease  in  pore  pressure 

during  shear,  the  value  of  <f> 1  obtained  from  stress  circles 

representing  maximum  ( — -)  will  be  slightly  higher  and  this 

0  3 

may  be  important  when  comparing  drained  and  consolidated  - 
undrained  effective  angles  of  shearing  resistance. 

Pore  Pressure  and  Volume  Change 

Stability  problems  are  of  two  classes  with  respect 
to  pore  pressure,  namely,  those  problems  in  which  the  pore 
pressure  is  an  independent  variable  and  is  controlled  by 
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the  ground  water  level  or  its  flow  pattern,  and  those  pore 
pressures  that  are  developed  by  the  stresses  causing  insta¬ 
bility.  The  stability  of  a  natural  slope  is  of  primary 
concern  in  this  research  and  with  respect  to  the  pore  pressure 
developed  in  such  slopes,  Bishop  and  Bjerrum  (1960)  have 
stated,  "Pore  pressures  are  controlled  by  the  prevailing 
ground  water  conditions  which  correspond  to  steady  seepage 
subject  to  minor  seasonal  variations  in  ground  water  level. 
Natural  slopes  therefore  fall  into  class  (a)  in  which  the 
pore  pressure  is  an  independent  variable."  It  is  therefore 
evident  that  once  the  parameters  c’  and  <f>  '  have  been  deter¬ 
mined  in  the  laboratory,  the  pore  pressure,  y,  measured  in 
the  field  can  be  used  to  determine  the  effective  normal 
stress  on  the  failure  plane  by  o '  =  a  -  u .  In  the  case  of 
highly  plastic  overconsolidated  clays  having  a  low  coefficient 
of  permeability,  the  measurement  of  the  in  situ  pore  pressure 
has  presented  problems.  This  was  due  to  the  long  response 
time  required  for  normal  piezometric  installations  (Lindberg, 
1965).  Steps  have  been  taken  at  the  University  of  Alberta 
to  reduce  response  time  which  has  led  to  the  development  of 
a  transducer  piezometer,  currently  being  field  tested.  Although 
it  may  be  reasoned  that  the  field  measurement  of  pore  pressures 
is  the  cause  of  not  being  able  to  obtain  a  factor  of  safety 
of  unity  for  landslides  in  overconsolidated  clays,  experience 
has  shown  that  the  pore  pressures  required  for  a  factor  of 
safety  of  unity  are  unrealistically  high  (Hardy,  Brooker  and 
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Curtis,  1962).  This  indicates  that  the  parameters  c'  and/or 
<j> 1  as  determined  by  conventional  laboratory  tests  are  not 
representative  of  the  strength  in  the  field. 

Although  test  pore  pressures  are  not  representative 
of  the  hydrostatic  and  excess  hydrostatic  pore  pressures  in 
natural  slopes,  they  are  useful  in  indicating  stress 
history  and  how  the  clay  reacts  to  shear  stresses.  Skempton 
(1954)  developed  the  relationship  Au  =  BCAo^  +  A(Aa^  -  Aa^)] 
where  A  and  B  are  pore  pressure  parameters.  The  parameter 
A  =  AB  represents  the  change  in  pore  pressure  with  the  change 
in  deviator  stress  or  Au/(Aa^  -  Aa^).  Values  of  A  are  very 
low  for  overconsolidated  clays  and  may  be  negative,  whereas 
values  close  to  unity  may  be  found  for  normally  consolidated 
clays.  This  is  illustrated  in  Figure  2.2  for  a  remoulded  clay. 


FIGURE  2.2  THE  DEPENDENCE  OF  THE  PORE  PRESSURE 
PARAMETER  A  ON  STRESS  HISTORY  [after 

SKEMPTON  ,  1954] 
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The  low  values  of  found  in  overconsolidated 
clays  are  the  result  of  decreasing  pore  pressures  at  failure. 
Hvorslev  (1960)  states,  "The  pore  water  pressure  decreases 
and/or  the  void  ratio  increases  when  strongly  overconsolidated 
clays  are  subjected  to  an  increase  in  shearing  stresses." 
Normally  consolidated  and  slightly  overconsolidated  clays 
exhibit  increases  in  pore  pressure  with  increase  in  shearing 
stresses.  However,  many  of  the  expansive  clays  found  in 
Alberta,  that  are  considered  to  be  heavily  overconsolidated, 
exhibit  increases  in  pore  pressure  prior  to  failure,  but 
have  low  values  of  A^  (Hardy,  Brooker  and  Curtis,  1962). 

It  would  appear  that  these  clays  do  not  dilate  prior  to 
failure  and  as  mentioned  previously,  this  apparent  anomaly 
will  be  investigated  in  this  research. 

Moisture  Content,  Strength  and  Consolidation  Pressure 

Since  attempts  will  be  made  to  determine  the  migra¬ 
tion  of  moisture  within  a  specimen  subject  to  shear  by  means 
of  detailed  moisture  content  profiles,  it  is  worthwhile  to 
investigate  the  moisture  content-effective  stress  relation¬ 
ships  of  clays.  This  subject  is  treated  in  great  detail  by 
Hvorslev  (1960)  and  only  brief  mention  of  pertinent  points 
will  be  made  here.  Hvorslev  has  stated  that  strength  is  a 
function  of  both  the  void  ratio  and  effective  stress.  This 
is  evident  from  Figure  2.3  where  strength  and  moisture 
content  -are  plotted  against  normal  effective  stress.  At 
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one  normal  effective  stress,  it  is  possible  to  have  three 
strengths  at  each  of  three  different  moisture  contents 
(degree  of  saturation  =  100  per  cent)  depending  on  whether 
the  clay  is  normally  consolidated,  overconsolidated  (re¬ 
bounding)  or  overconsolidated  (reloading).  Skempton  (1964) 
has  stated,  ':It  is  therefore  possible  to  suggest,  with 
perhaps  a  slight  degree  of  over-simplification,  that  the 
residual  strength  of  a  clay,  under  any  given  effective 
pressure,  is  the  same  whether  the  clay  has  been  normally 
or  overconsolidated . "  In  Figure  2.3,  then,  a  strength  test 
on  an  undisturbed  overconsolidated  clay  would  have  a  peak 
strength,  say,  at  A  and  at  further  strain,  a  residual  strength 
at  B.  From  the  consolidation-strength  characteristics  of 
cohesive  soils,  it  seems  reasonable  to  expect  that  the  drop 
in  strength  from  peak  to  residual  must,  therefore,  be 
accompanied  by  an  increase  in  moisture  content  at  the  failure 
plane  from  C  to  D,  if  no  structural  change  occurs.  If  the 
Little  Smoky  Clay  lill  to  De  tested  is  remoulded  Cnormauj-y 

solidated  from  a  slurry)  its  strength  envelope  should  then 
coincide  with  the  strength  envelope  0E  that  contains  the 
residual  strength,  B.  It  should  be  noted  that  Skempton 
infers  that  the  strength  envelope  for  the  normally  consolidated 
specimens  is  based  on  ultimate  and  not  peak  strengths  when 
speaking  of  the  residual  strength  of  normally  consolidated 
clays . 
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NORMAL  STRESS 


FIGURE  2.3  WATER  CONTENT ,  STRENGTH  AND  NORMAL 
STRESS  RELATIONSHIPS  FOR  CLAYS 


It  is  well  known  that  the  curve  formed  by  the 
relationship  between  moisture  content  and  strength  is  parallel 
to  the  consolidation  curve  for  a  particular  clay.  It  is 
difficult  to  visualize  the  strength  curves  for  both  the 
remoulded  and  undisturbed  residual  state  being  parallel 
to  the  normally  consolidated  consolidation  curve  in  the  upper 
part  of  Figure  2.3.  The  structure  of  the  remoulded  and 
undisturbed  specimens  likely  would  be  very  different  at  the 
same  normal  stress,  especially  when  severe  particle  reorien¬ 
tation  is  associated  with  residual  strength  (Skempton,  1964). 

A  more  complete  picture  of  the  relationship  between 
the  peak  and  residual  strength  Mohr  envelopes  is  shown  in 
Figure  2.4.  These  results  were  obtained  from  strength  tests 
on  overconsolidated  London  Clay  in  the  low, medium  and  high 
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pressure  ranges  (Bishop,  Webb  and  Lewin,  1965). 


2 

FIGURE  2.4  COMPARISON  OF  PEAK  AND  RESIDUAL  STRENGTHS  FOR 
OVERCONSOLIDATED  LONDON  CLAY  [after  bishop,  webb, 

AND  LEWIN  ,  1965] 

The  strength  envelope  passing  through  the  origin  was  obtained 
from  tests  on  specimens  normally  consolidated  from  a  slurry 
and  some  drained  shear  tests  on  undisturbed  specimens  carried 
out  to  large  strains.  These  results  tend  to  verify  the 
c  orrelation  between  normally  consolidated  strengths  and  the 
residual  strengths  of  overconsolidated  specimens. 

Figure  2.4  also  illustrates  the  fact  that  at 
effective  stresses  greater  than  the  preconsolidation  load, 

900  -  1000  psi,  residual  and  peak  strengths  approach  the  same 
value.  In  other  words,  the  undisturbed  clay  is  now  acting 
normally  consolidated  at  these  higher  stresses.  It  should 
also  be  noted  that  at  effective  stresses  less  than  100  psi, 
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the  peak  angle  of  internal  friction  for  London  Clay  is  con¬ 
siderably  greater  than  the  residual  angle,  and  at  zero 
effective  stress,  the  clay  has  cohesion.  Since  tests  in 
this  research  will  be  conducted  at  pressures  less  than  100 
psi,  a  similar  relationship  should  be  obtained  for  Little 
Smoky  Clay,  assuming  that  it  is  heavily  overconsolidated. 

Slope  Stability 

It  has  already  been  mentioned  that  in  stability 
analyses  of  natural  clay  slopes,  the  pore  pressure  must  be 
treated  as  a  separate  parameter  in  conjunction  with  the 
effective  stress  parameters  cf  and  <$>'  .  This  is  due  to  the 
fact  that  the  pore  pressures  in  the  slope  have  had  an 
opportunity  to  come  to  equilibrium  with  the  existing  ground 
water  conditions,  a  process  that  is  time  dependent,  usually 
occurring  over  many  years.  Strengths  in  terms  of  total 
stresses  (  <t>  =  0)  are  based  on  pore  pressures  that  are  stress 
dependent  and  are  therefore  restricted'  to  the  short  term  or 
"end  of  construction"  problem.  There  is  much  evidence  that 
total  stress  analyses  of  natural  slopes  in  overconsolidated 
clays  lead  to  a  high  factor  of  safety  principally  due  to  a 
marked  decrease  in  pore  pressure  in  undrained  tests 
(Terzaghi,  1936;  Peterson,  Jaspar,  Rivard  and  Iverson,  1960; 
Henkel  and  Skempton,  1954;  Hardy,  Brooker  and  Curtis,  1962). 
Since  a  long  term  stability  problem  in  a  natural  slope  is 
being  considered  in  this  thesis,  further  discussion 
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concentrates  on  effective  stresses  only  and  shearing  resistance 
will  be  represented  by  t  =  c '  +  o'  tan  4>  *  . 

Stability  analyses  of  natural  slopes  using  effec¬ 
tive  strength  parameters  have  shown  some  success  in  analyz¬ 
ing  failures  in  natural  slopes  of  intact  normally  and  over¬ 
consolidated  clays.  Two  case  histories  illustrating  this 
fact  are  the  Drammen  Slide  (Bjerrum  and  Kjaernsli,  1957) 
and  Selset  (Skempton  and  Brown,  1961).  But  effective  stress 
analyses  have,  in  general,  resulted  in  too  high  a  factor  of 
safety  fc>r  overconsolidated  clays  as  indicated  by  the  typical 
case  histories  in  Table  2.1. 

TABLE  2.1 

FACTORS  OF  SAFETY  USING  EFFECTIVE  STRESS  ANALYSES 

Soil  Effective  Stresses* 

1.  Bear  Paw  Shale  (Peterson  et  al ,  1960)  3-4 

2.  Jackfield  (Henkel  and  Skempton,  1954)  1.45 

3.  Selset  (Skempton  and  Brown,  1961)  1.03 

4.  Dunvegan  (Hardy  et  al ,  1962)  2.81 

*  Fully  mobilized  c'  and  <J>’ 

The  slide  at  Selset  was  included  in  the  table  because 
it  emphasizes  what  appears  to  be  a  predominant  characteristic 
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of  overconsolidated  clays  in  England  and  that  is  fissuring. 

The  factor  of  safety  for  Selset  closely  represented  the  con¬ 
ditions  at  failure  and  the  authors  suggested  that  the  reason 
for  this  was  that  the  "boulder  clay"  was  comparatively  intact. 
This  was  not  the  case  at  Jackfield  where  heavy  fissuring 
was  observed  in  the  weathered  zone,  and  the  high  factor  of 
safety  then  inferred  that  fissures  may  be  responsible  for 
this  poor  assessment  of  failure  using  effective  strength 
parameters . 

The  effective  stress  analysis  for  the  Little 

Smoky  landslide  previously  undertaken  by  Hardy  et  al  (1962), 

2 

yielded  a  factor  of  safety  of  2.95  with  c'  =  0.38  kg/cm 
and  <J>'  =  19.5°  and  assuming  that  no  pore  pressures  were  act¬ 
ing.  The  pore  pressure  required  for  a  factor  of  safety  of 
unity  was  computed  to  be  approximately  29  feet  above  the 
ground  surface.  Measured  in  situ  pore  pressures  were  much 
less  than  the  required  value.  It  appears  reasonable,  then, 
to  assume  that  the  effective  stress  parameters  (c1  and  <f>'  ) 
did  not  represent  the  strength  along  the  slip  surface  at  failure. 

Preliminary  attempts  to  decrease  the  effective 
strength  parameters  were  focussed  on  c'  since  it  was  found 
that  cohesion  would  decrease  with  softening  of  the  clay. 

The  softening  action  that  occurred  in  heavily  overconsolidated 
clays  was  first  described  by  Terzaghi  (1936).  Essentially* 
the  softening  was  attributed  to  the  seepage  of  runoff  into 
cracks  and  fissures  that  were  opened  by  lateral  stress 
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releases.  Absorption  of  moisture  by  the  soil  adjacent  to 
the  walls  of  the  fissures  caused  uneven  swelling  and  the 
development  of  more  cracks,  until  eventually  a  slide 
developed  in  a  natural  slope.  Skempton  (1948)  found  that 
the  softening  occurring  in  overconsolidated  clays  took 
place  over  a  considerable  length  of  time.  The  undrained 
strength  of  London  Clay  decreased  from  approximately 
2,000  lb/ft ^  to  500  lb/ft^  in  a  period  of  40  years. 

The  decrease  in  strength  of  natural  slopes  in  London 
Clay  was  considered  to  be  a  long  term  phenomena.  Eventually, 
all  slopes  in  overconsolidated  London  Clay  would  be  expected 
to  attain  the  same  angle  of  repose  equivalent  to  a  specific 
shearing  resistance.  To  investigate  this  possibility,  Skempton 
and  Delory  (1951)  analyzed  various  natural  slopes  in  London 
Clay  and  found  no  slopes  steeper  than  12  degrees,  unstable 
slopes  occurring  between  10  and  12  degrees  and  all  slopes 
flatter  than  10  degrees  were  stable.  In  a  landslide  analysis 
at  Jackfield,  Henkel  and  Skempton  (1954)  found  that  a  10  1/2 
degree  slope  was  stable  with  c'  =  0  and  <t>'  unchanged.  It 
was  concluded  then,  that  the  long  term  shearing  resistance 
of  slopes  in  London  Clay  could  be  assessed  with  reasonable 
accuracy  from  laboratory  strength  parameters  if  c’  was  assumed 
to  be  zero. 

The  use  of  fully  mobilized  <J>'  and  cT  =  0  resulted 
in  a  factor  of  safety  close  to  unity  at  Jackfield  (Henkel 
and  Skempton,  1954).  Henkel  (1957)  investigated  landslips 
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behind  retaining  walls  and  cuts  and  found  that  the  factors 
of  safety  were  unity  for  a  value  of  c'  intermediate  between 
zero  and  that  measured  in  the  laboratory.  He  concluded  that 
London  Clay  in  this  instance  was  not  fully  softened  (c'  =  0) 
when  failure  occurred.  At  Selset,  the  use  of  c'  =  0  gave 
too  low  a  factor  of  safety  since  suitable  results  were 
obtained  with  fully  mobilized  cT  (Skempton  and  Brown,  1961). 

In  the  case  of  Little  Smoky,  the  pore  pressure  required  for 
a  factor  of  safety  of  unity  using  c'  =0  was  20  feet  above 
the  slide  surface  which  was  25  feet  deep. 

For  London  Clay,  the  concept  of  c '  =  0  appeared 
to  provide  a  suitable  explanation  of  the  mechanism  of  land¬ 
slides.  At  the  Little  Smoky  slide,  however,  the  pore 
pressure  required  for  a  factor  of  safety  of  unity,  assuming 
c'  =  0,  was  never  measured  in  the  piezometer  installations 
which  were  the  Casagrande  type  embedded  in  sand  layers.  A 
similar  situation  in  regard  to  pore  pressure  was  also  found 
in  the  analysis  of  the  landslide  at  Dunvegan  (Hardy,  Brooker 
and  Curtis,  1962).  It  was  then  necessary  to  determine  some 
reasonable  hypothesis  that  would  result  in  a  further  reduc¬ 
tion  in  the  laboratory  shearing  resistance  of  overconsolidated 
clays . 

In  an  attempt  to  realize  the  conditions  at  equilib¬ 
rium  at  the  Little  Smoky  and  Dunvegan  landslides.  Hardy  et 
al  (1962)  reduced  the  normal  effective  stress  on  the  failure 
plane  by  the  swelling  pressure  as  measured  in  one-dimensional 
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consolidation  tests.  Void  ratio-log  pressure  curves  for  clays 
from  both  of  these  sites  exhibited  substantial  swelling 
pressures.  Coulomb's  equation  representing  shearing  resistance 
in  terms  of  effective  stresses  took  the  form  of  x  =  c '  + 

(o  -  u  -  P  )  tan  where  P  was  the  swelling  pressure.  The 

s  s 

factors  of  safety  obtained  for  the  Little  Smoky  and  Dunvegan 
landslides,  using  fully  mobilized  4'  and  c',  observed  pore 
pressures,  and  an  average  swelling  pressure  were  .98  and 
.99  respectively  and  it  was  apparent  that  the  reduction  of 
the  stress  normal  to  the  slip  surface  by  the  swelling  pressure 
produced  promising  results . 

Residual  Strength 

Skempton  (1964)  proposed  that  the  shearing  resistance 
of  an  overconsolidated,  fissured  clay  slope  would  attain  a 
reduced  value,  over  a  long  time  interval,  equivalent  to  the 
ultimate  or  residual  strength.  This  is  the  constant  shear¬ 
ing  resistance  that  most  clays  exhibit  after  failure  in 
shear  tests  that  are  carried  out  to  large  strains. 

In  order  to  shear  specimens  to  large  strains , 

Skempton  determined  the  residual  strength  of  London  Clay 
using  drained  tests  in  a  direct  shear  box.  The  displaced 
portion  was  pushed  forward  and  reversed  several  times  until 
a  constant  value  of  shearing  resistance  was  obtained.  The 
peak  strengths  agreed  well  with  drained  triaxial  test  results , 
and  could  be  defined  by  the  Coulomb  equation  x  =  c'  +  o' tan  <f>'  . 
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The  Mohr  plot  of  residual  strengths  indicated  a  reduced  angle 

of  shearing  resistance  and  little  or  no  cohesion.  In  terms 

of  the  Coulomb  equation,  the  residual  strength  was  defined 

as  t'  =  a'  tan  <J>*  .  Moisture  contents  taken  at  the  failure 

r  r 

plane  after  the  test  were  higher  than  elsewhere  and  a  thin, 
narrow  strip  adjacent  to  the  failure  planes  showed  severe 
particle  reorientation.  Considerable  reorientation  of  clay 
particles  and  higher  moisture  contents  were  also  observed 
in  investigations  of  slip  surfaces  in  natural  slopes.  The 
increased  moisture  contents  were  indicative  of  dilation  and 
substantiated  the  reduction  in  strength  previously  discussed 
( F igure  2.3). 

It  should  be  made  clear  at  this  stage  that  the 
previously  mentioned  concept  of  c'  =  0  is  not  the  same  as 
c ’  =0  for  residual  strength.  Recent  evidence  has  shown  that 
heavily  overconsolidated  London  Clay  exhibits  a  fairly 
sharp  curvature  of  the  peak  strength  Mohr  envelope  at  normal 
pressures  less  than  100  psi  (Bishop,  Webb  and  Lewin ,  1965). 

If  strength  tests  were  conducted  at  pressures  less  than  this, 
the  peak  envelope,  normally  drawn  as  a  straight  line,  would 
be  steeper  than  the  envelope  representing  residual  strengths 
(Figure  2.4).  The  c'  =0  hypothesis  is  then  associated  wih 
a  higher  angle  of  internal  friction  than  the  residual  angle. 
For  London  Clay,  the  difference  between  the  peak  and  residual 
angle  is  about  nine  degrees  (Skempton,  1964). 

Skempton  found  that  there  was  a  definite  relation- 
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ship  between  the  residual  angle  of  shearing  resistance  and 
the  per  cent  clay  fraction  (<2  microns)  for  both  normally 
and  overconsolidated  clays.  The  angle  decreased  with  in¬ 
creasing  clay  fraction,  as  illustrated  in  Figure  2.5. 
Skempton  proposed  that  the  greater  percentages  of  coarser 
equidimensional  grains  prevented,  to  some  degree,  the  pre¬ 
ferred  orientation  of  clay  particles  along  the  failure 
plane  which  resulted  in  a  higher  residual  strength. 
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CLAY  FRACTION  [after  ske mpton  ,  1 964] 
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Tests  conducted  on  a  sample  remoulded  and  normally 
consolidated  from  the  liquid  limit  gave  a  residual  angle  of 
shearing  resistance  equivalent  to  that  obtained  from  undisturbed 
specimens.  Skempton  postulated  that  a  specific  clay  had  a 
definite  residual  angle  of  shearing  resistance  that  was  inde¬ 
pendent  of  its  stress  history. 


It  was  necessary  to  describe  the  reduction  of 

strength 

to  a  residual  value  in  natural  slopes.  Skempton 

proposed 

the  following  causes  of  reduced  strength: 

a . 

Stress  concentrations  along  fissures  and  cracks 

which  caused  local  overstressing  and  a  progressive 

decrease  in  strength.  Ihe  stress  concentrations 

caused  local  overstressing  at  points  along  a  poten¬ 
tial  slip  surface  which  then  attained  residual 

strength.  Additional  stresses  were  then  shifted 

to  other  locations  along  the  slip  surface  causing 

a  further  reduction  in  strength  until  the  peak 

strengths  were  exceeded  along  the  entire  length 

of  the  slip  surface.  Failure  would  occur  when  peak 

strengths  had  been  exceeded  throughout  and  the 

majority  of  the  slip  surface  was  at  the  residual 

strength . 

b. 

Shear  creep  which  reduced  the  shearing  resistance 

over  the  long  term. 

c . 

Seasonal  fluctuations  in  moisture  content  and 

temperature.  This  was  not  considered  to  be  too 
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serious  a  factor  except  that  an  increase  in  moisture 
content  was  indicative  of  an  increase  in  pore 
pressure . 

It  is  interesting  that  Skempton  should  mention  creep 
as  being  partially  responsible  for  the  reduction  in  strength 
to  a  residual  value.  Although  creep  has  been  observed  in 
natural  slopes,  it  appears  that  emphasis  has  not  been  placed 
on  it  as  being  the  single  contributing  cause  of  failure. 

The  fact  that  creep  reduces  strength  in  overconsolidated 
clays  has  been  observed  in  laboratory  tests  conducted  by 
Casagrande  and  Wilson  (1951)  who  found  that  the  creep  strength 
of  Bear  Paw  Shale  was  approximately  80  per  cent  of  the  peak 
strength.  It  is  interesting  to  speculate  whether  the  creep 
strength  is  equivalent  to  the  residual  strength  in  this  case. 
Ringheim  (1964)  reported  that  the  peak  strength  for  the  soft 
Bear  Paw  Shale  was  c’  =  6  psi  and  4> 1  =  20°.  The  remoulded 
strength  parameters  were  c*  -  2  psi  and  <J>'  =  18°.  The  re¬ 
moulded  parameters  do  not  represent  a  reduction  to  80  per 
cent  of  the  peak  strength,  but  the  comparison  may  be  faulty 
for  two  reasons:  the  method  of  remoulding  was  not  specified 
and  this  may  affect  the  strengths  obtained;  the  reduction 
in  strength  due  to  creep  is  in  terms  of  total  stresses  and 
it  is  speculative  whether  the  reduction  in  the  effective 
strength  parameters,  if  any,  would  be  similar  or  greater. 

No  conclusion  concerning  this  past  point  could  be  made  by 
Casagrande  and  Wilson  (1953).  In  this  regard,  it  is  interesting 


30 


to  note  that  the  final  design  parameters  were  c'  =  0  and 
<J>'  =  9°  determined  from  observed  failures  in  natural  slopes. 

If  these  parameters  represent  the  residual  strength,  their 
prediction  by  testing  remoulded  specimens  is  considerably 
in  error. 

Skempton  reassessed  the  slips  at  Jackfield  and 
Selset  using  the  residual  strength  concept.  The  results  of 
analyses  were  expressed  in  terms  of  a  "residual  factor", 

•  T  —  T  — 

R,  which  was  equal  to  — - —  where  t  represented  the  shear 

r 

stresses  acting  on  the  slip  surface  at  failure.  From  the 
expression  for  "residual  factor"  it  could  be  seen  that 
R  =  1.0  if  all  stresses  on  the  slip  surface  were  equivalent 
to  the  residual  strength  at  failure  and  R  =  0  if  stresses 
were  equivalent  to  the  peak  strength.  Using  values  of 
=  19°  and  c'  =  0  for  Jackfield,  R  was  equal  to  1.12. 

The  angle  of  shearing  resistance  representing  stresses  act¬ 
ing  at  failure  was  calculated  to  be  17°  (c'  =  0).  The  result 
indicated  that  the  residual  strength  was  approximately 
mobilized  on  the  slip  surface  at  failure.  At  Selset,  R 
was  computed  to  be  0.08.  In  other  words,  the  peak  strength 
represented  by  fully  mobilized  c'  and  <p '  would  have  yielded 
a  factor  of  safety  equal  to  1.0  whereas  in  terms  of  residual 
strength,  the  factor  of  safety  would  have  been  0.69.  As 
previously  outlined,  the  good  agreement  between  peak  strengths 
and  failure  stresses  for  Selset  was  due  to  the  fact  that  the 
clay  was  intact . 
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A  retaining  wall  failure  was  presented  as  an  example 
of  how  the  shearing  resistance  of  a  natural  clay  slope  de¬ 
creased  over  the  long  term.  The  wall  moved  forward  at  a 
constant  rate  over  a  period  of  29  years  when  the  forward 
movement  suddenly  increased  until  failure  occurred.  The 
time  rate  of  movement  of  the  wall  aptly  illustrated  the  pro¬ 
gressive  weakening  of  the  slope.  A  stability  analysis  re¬ 
sulted  in  a  value  of  R  =  0.61  or  as  concluded  by  Skempton, 
the  slope  lost  61  per  cent  of  its  shearing  resistance  in 
29  years.  Based  on  peak  and  residual  strengths,  the  factors 
of  safety  were  1.6  and  0.6  respectively.  A  study  of  other 
case  histories  in  fissured  London  Clay  indicated  that  the 
angle  of  shearing  resistance  at  failure  varied  from  15°  to 
18°  with  c'  =0.  Skempton  and  Delory  (1957)  had  previously 
determined  that  the  stable  slope  angle  of  London  Clay  was 
10°  and  Skempton  found  that  this  was  equivalent  to  4> 1  =  16° 
and  cf  =  0  if  the  ground  water  table  was  at  the  surface. 

For  London  Clay,  the  residual  angle  of  shearing  resistance 
was  equal  to  16°  (c1  =  0)  as  determined  in  the  laboratory. 

From  this  good  agreement  it  can  be  seen  that  for  London  Clay, 
the  stresses  acting  on  a  slope  at  failure  were  equal  to  the 
residual  strength. 

Components  of  Shearing  Resistance 

In  many  of  the  case  histories  mentioned  and  in  the 
various  approaches  toward  analyzing  the  stability  of  slopes 
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in  overconsolidated  clays ,  a  change  in  one  of  the  strength 
parameters  has  been  assumed  or  has  been  observed  in  a  labora¬ 
tory  test  program.  Cohesion  was  known  to  gradually  decrease 
over  the  long  term  and  this  led  to  the  c'  =0  analysis.  The 
residual  strength  concept  proposed  a  change  in  both  the 
strength  parameters  in  that  c'  approached  zero  and  <j> '  was 
somewhat  reduced  from  the  peak  value.  Since  the  two  components 
of  shearing  resistance  appeared  to  be  variable  in  the  hypo¬ 
theses  outlined,  a  brief  investigation  is  warranted  into 
the  physical-chemical  reasons  for  the  existence  of  cohesion 
and  friction. 

Cohesion  has  been  generally  described  as  being 
caused  by  the  "stickiness"  in  the  area  of  contact  between 
adsorbed  water  hulls  of  adjacent  clay  particles.  In 
recent  years ,  studies  of  the  electrochemical  nature  of  clay 
particles  has  provided  several  causes  of  cohesion  that  are 
accepted  by  most  workers  in  the  field  and  these  are 
( Lambe ,  1960): 

a.  Van  der  Waal's  forces  of  attraction, 

b.  Coulomb  forces  of  electrostatic  attraction  and 
repulsion , 

c.  Hydrogen  bonds, 

d.  Potassium  bonds, 

e.  Cementation  by  carbonates,  iron  oxides,  silicates, 
aluminates  and  certain  organic  matter. 

These  causes  are  basically  forces  that  can  be 
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mobilized  between  clay  particles  and  they  are  found  to  be 
independent  of  the  external  forces  acting  on  the  particles. 
Usually  the  Van  der  Waal  and  Coulomb  forces  are  considered 
to  be  the  most  important  and  these  decrease  rapidly  in 
intensity  or  effect  at  greater  distances  from  the  clay 
particles.  The  Van  der  Waal's  forces  act  over  a  much  shorter 
distance  than  the  Coulombic  forces  and  the  overall  strength 
of  both  of  these  forces  is  dependent  on  the  type  of  clay 
mineral,  the  soil  structure,  species  of  adsorbed  cation, 
type  and  concentration  of  cations  and,  perhaps,  anions, 
in  the  adsorbed  and  pore  water,  and  temperature  (Hvorslev, 

1960  )  . 

The  size  and  shape  of  the  clay  particle  exerts 
considerable  influence  in  determining  the  effect  of  the 
intrinsic  or  cohesive  forces  between  clay  particles.  Basic¬ 
ally,  the  degree  of  this  influence  is  dependent  on  the  com¬ 
bination  of  charge  density  and  particle  size.  If  the  clay 
minerals,  kaolinite  and  montmorillonite ,  are  submerged  in 
pure  water,  each  will  adsorb  approximately  the  same  thick¬ 
ness  of  water,  but  the  ratio  of  the  mass  of  adsorbed  water 
to  the  mass  of  clay  mineral  is  much  larger  for  montmorillonite 
(Lambe,  1960).  The  ability  of  the  montmorillonite  clay 
mineral  to  retain  large  quantities  of  water  in  comparison 
to  its  size  results  in  relatively  large  swelling  and  shrink¬ 
age  characteristics  which  are  usually  detrimental  to  engineer¬ 
ing  works . 
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If  an  adsorbed  cation  is  exchanged  for  one  of  higher 
valence  there  is  a  reduction  in  the  forces  of  repulsion 
(Lambe,  1960).  This  concept  has  been  substantiated  by  experi¬ 
mental  work  conducted  by  Rosenqvist  (1955)  on  an  illite 
clay.  When  considered  on  the  basis  of  equal  moisture  content, 
Rosenqvist  found  that  the  strength  of  an  illite  clay  was 
higher  if  calcium  was  adsorbed  in  place  of  sodium.  Dahlman 
(1964)  found  that  the  strength  of  a  montmorillonite  clay 
increased  in  the  order  of  adsorbed  cation  sodium,  calcium, 
magnesium  and  potassium.  This  comparison  was  made  on  an 
effective  stress  basis.  Rosenqvist  (1955)  also  found  that 
if  the  ionic  balance  between  the  adsorbed  and  free  water  was 
disturbed,  there  was  a  change  in  the  interparticle  forces. 

This  was  easily  demonstrated  by  the  classical  experiment  in 
which  the  concentration  of  free  cations  was  increased  in  a 
clay-water  suspension  resulting  in  flocculation  due  to 
reduced  repulsive  forces.  The  effect  of  decreasing  the  con¬ 
centration  of  cations  in  the  pore  water  by  leaching  is  just 
the  opposite  in  that  repulsive  forces  are  increased  giving 
a  reduced  strength  (Rosenqvist,  1955). 

The  effect  of  structure  on  the  intrinsic  forces 
or  cohesion  appears  to  be  the  most  applicable  to  the  residual 
strength  concept  since  experimental  evidence  indicates  a 
rearrangement  of  particles  in  the  vicinity  of  the  failure  plane. 
It  has  already  been  mentioned  that  Van  der  Waal  and  Coulomb 
forces  are  sensitive  to  distance  and  that  Van  der  Waal’s 
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forces  are  affected  to  a  much  greater  degree.  Computations 
have  also  indicated  that  a  net  increase  in  repulsive  forces 
will  occur  if  the  distance  between  particles  is  decreased. 

Of  more  importance  to  the  effect  of  reorientation  of 
particles  along  the  failure  plane  is  the  fact  that  the  change 
from  a  perpendicular  to  a  parallel  arrangement  decreases 

both  the  forces  of  attraction  and  repulsion  (Lambe,  1960). 

1 

The  factors  that  affect  the  friction  component 
are  dependent  on  the  external  forces  acting  on  a  clay  speci¬ 
men  and  friction  is  then  considered  to  be  mobilized  by 
particle  interference  and  dilation  (Lambe,  1960).  A  portion 
of  the  particle  interference  is  attributed  to  the  actual 
physical  interference  between  particles  as  is  recognized  in 
sands,  but  additional  interference  is  caused  by  electrical 
variations  in  charge  along  the  surface  of  clay  particles. 
Accompanying  this  particle  interference  is  dilation  or  an 
increase  in  void  ratio  as  observed  when  a  dense  sand  is 
subjected  to  shearing  stress.  Although  this  explanation  of 
friction  appears  to  separate  effectively  the  physical- 
chemical  causes  that  make  up  the  two  strength  parameters , 
some  of  the  causes  may  be  interrelated.  Lambe  (1960) 
pointed, out  that  two  of  the  causes  of  cohesion,  potassium 
and  hydrogen  bonding  and  cementation,  have  the  effect  of 
creating  larger  particles  which  could  result  in  a  greater 
degree  of  particle  interference.  Nevertheless,  strength 
tests  have  been  conducted  using  a  procedure  that  allows  for 
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the  separation  of  the  cohesion  and  friction  components  as 
defined  by  Mohr-Coulomb  (Lambe,  1960;  Dahlman,  1964).  It 
was  found  that  cohesion  reached  a  maximum  value  at  small 
strains  and  tended  to  dissipate  as  strain  progressed.  At 
higher  strains,  friction  attained  a  maximum  value.  Lambe 
(1960)  also  found  experimentally  that  compacted  soils, 
which  had  a  comparatively  large  value  of  cohesion,  had  a 
large  stress-strain  modulus. 

Lambe  (1960)  developed  an  equation  representing 
the  effect  that  the  forces  of  repulsion  and  attraction  had 
in  maintaining  equilibrium  in  a  clay  specimen  subjected  to 
an  external  stress.  The  equation  was  o'  =  a  -  u  -  (R  -  A) 
where  R  =  electrical  repulsion  between  clay  particles,  and 
A  =  electrical  attractive  forces  between  clay  particles. 

This  equation  infers  that  the  R  and  A  forces  only 
affect  the  friction  term  of  the  Mohr-Coulomb  equation, 
x  =  c'+Co-u-(R-A)]  tan  <j>'  ,  yet  it  has  been  shown 
that  they  are  primarily  the  cause  of  cohesion.  In  this 
respect,  then,  it  is  most  difficult  to  apply  the  previously 
mentioned  concepts  to  the  observations  that  cohesion  dissi¬ 
pates  in  a  natural  clay  slope  over  the  long  term  or  that  it 
disappears  when  direct  shear  tests  are  carried  out  to  large 
strains.  The  most  compatible  mechanistic  concept  is  the 
experimental  observation  that  cohesion  does  tend  to  decrease 
at  large  strains,  which  agrees  with  Skempton ' s  result  in 
which  c '  =  0  at  the  residual  strength.  The  best  way  to 
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eliminate  many  of  the  causes  of  cohesion  is  to  increase  the 
interparticle  spacing  which  would  particularly  reduce  both 
the  R  and  A  forces.  This  increase  in  spacing  points  to 
dilation  in  shear  or  water  intake  in  a  natural  clay  slope 
resulting  from  rebound  during  the  geologic  past.  In  the 
natural  clay  slope,  the  situation  is  further  complicated  by 
the  cation  exchange  and  changes  in  the  cation  concentration 
that  may  occur  during  rebound.  For  example,  leaching  could 
develop  a  specific  type  of  structure  in  the  clay  and 
increase  the  repulsive  forces  as  shown  by  Rosenqvist  (1955). 
More  research  is  required  to  produce  a  suitable  correlation 
between  physical-chemistry  and  the  shear  strength  parameters 
c'  and  4> f  .  It  is  possible  that  cohesion  and  friction  may 
not  be  different  functions  of  strength  and  that  a  method 
other  than  the  Mohr-Coulomb  equation  may  be  required  to  express 
shearing  resistance  (Dahlman,  1964). 

Summary 

This  chapter  was  devoted  to  the  strength  character¬ 
istics  of  overconsolidated  clays  and  their  applicability  to 
the  evaluation  of  strengths  mobilized  at  failure  for  land¬ 
slides  in  natural  slopes.  Particular  emphasis  was  placed  on 
the  range  of  parameters  to  be  expected  from  overconsolidated 
clays  subjected  to  shear  stresses.  Previous  methods  of 
explaining  the  apparent  contradiction  between  shear  strengths 
at  failure  occurring  in  the  laboratory  test  and  in  natural 
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slopes  were  outlined.  The  concept  of  residual  strength  was 
discussed,  and  some  case  histories  presented  indicated  that 
this  concept  had  been  successful  in  explaining  the  failure 
conditions  in  natural  slopes  of  London  Clay.  An  investigation 
of  the  pertinent  rheological  factors  that  affect  shearing 
resistance  was  presented  and  an  attempt  was  made  to  relate 
these  factors  to  the  residual  strength  hypothesis. 


CHAPTER  3 


GEOLOGY 


General 

Many  of  the  river  valleys  in  the  Peace  River  district 
of  Alberta  were  infilled  with  Pleistocene  deposits  overlying 
bedrock  of  Upper  Cretaceous  age.  After  an  inspection  was 
made  of  the  samples  from  the  Little  Smoky  bridge  site,  there 
was  considerable  doubt  as  to  the  formation  from  which  the 
samples  were  obtained.  This  was  primarily  a  problem  in 
visual  identification.  The  author  had  personally  viewed 
the  rock-like  shales  in  the  vicinity  of  Fort  St.  John, 

British  Columbia  and  the  shales  at  Dunvegan,  Alberta,  and 
both  differed  in  appearance  and  texture  with  the  Little 
Smoky  soil.  To  assist  in  the  identification  of  the  samples, 
a  review  was  then  made  of  the  pertinent  literature  concerning 
the  geology  of  the  Peace  River  area  of  Alberta.  This  review 
revealed  the  lithology  of  the  samples  taken  and  assisted  in 
making  conclusions  about  the  instability  at  the  site. 

Bedrock  Formations 

In  order  of  decreasing  age,  the  bedrock  formations 
of  the  Peace  River  area  according  to  Russell  C.19431  are; 
a.  Lower  Cretaceous 
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Fort  St.  John  Group:  A  thinly  bedded  dark  grey  shale 
of  marine  deposition.  The  thickness  of  the  formation  has  been 
estimated  to  be  approximately  600  feet  at  the  Smoky  River 
near  its  conjunction  with  the  Peace  River.  The  formation 
thickens  toward  the  West  and  outcrops  can  be  seen  in  the 
valley  of  the  Peace  River  in  the  western  part  of  the  Province 
of  Alberta. 

b .  Upper  Cretaceous 

Dunvegan  Formation:  Consists  of  alternating  sand¬ 
stones  and  shales  with  beds  that  may  exceed  50  feet  in  thick¬ 
ness.  The  formation  is  approximately  440  feet  thick  at  the 
Smoky  River.  It  is  a  brackish  water  deposit  and  only  out¬ 
crops  along  river  valleys  west  of  Little  Burnt  River  (18 
miles  east  of  Dunvegan  Creek  along  the  Peace  River) .  The 
formation  is  exposed  at  the  mouth  of  Dunvegan  Creek  at 
the  Peace  River  and  Rutherford  estimated  that  it  is  covered 
by  10  feet  of  "boulder  clay"  at  this  location. 

Smoky  River  Group:  This  formation  consists  of 
three  members : 

1.  Kaskapau  Formation:  Thinly  bedded  dark  grey 
to  black  shales  similar  to  the  St.  John  forma¬ 
tion.  This  is  the  thickest  member  of  the 
formation  having  a  thickness  of  850  feet. 

2.  Bad  Heart  Sandstone:  This  is  a  dark  red 
sandstone  that  is  coarse  grained  and  is  15 
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to  25  feet  in  thickness. 

3.  Dark  Marine  Shale:  Dark  coloured,  thinly 
bedded  marine  shale  that  is  approximately 
300  to  350  feet  thick. 

Wapiti  Formation:  Consists  of  sandstones  and  shales 
of  fresh  water  deposition  and  is  light  grey  to  buff  coloured. 
It  averages  between  a  few  inches  to  50  feet  in  thickness. 

This  is  the  upper  bedrock  formation  in  the  Peace  River  area 
and  is  poorly  stratified  which  would  make  differentiation 
from  a  till  difficult  on  this  basis  since  the  latter  rarely 
exhibits  stratification  (Flint,  1963). 

Allan  and  Rutherford  (1934)  have  attempted  to 
correlate  other  bedrock  formations  in  the  Province  with  the 
Peace  River  formation.  Apparently  Bear  Paw  Shale  and  the 
Edmonton  formation  which  are  Upper  Cretaceous  in  age,  are 
younger  than  the  Wapiti  formation  but  Bear  Paw  Shale  is  older 
than  the  Edmonton  formation. 

Rutherford  (1930)  has  estimated  that  the  bedrock 
strata  dips  to  the  south  at  a  slope  not  exceeding  60  to  70 
feet  per  mile.  It  has  a  strike  of  N  83°  W.  The  topography 
south  of  the  Peace  River  slopes  downward  in  the  direction 
of  the  Peace  River.  As  a  result,  the  older  bedrock  forma¬ 
tions  outcrop  to  the  north  and  the  younger  ones  to  the  south. 
An  investigation  of  the  bedrock  outcrops  along  the  Little 
Smoky  River  by  Russell  (1943)  indicated  that  the  Wapiti 
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formation  was  the  uppermost  bedrock  formation  at  the  bridge 
site  on  the  Little  Smoky  River.  Henderson  (1958)  attributed 
the  slumping  along  major  rivers  and  tributaries  to  the 
,:softr  Kaskapau  formation.  This  formation  appeared  to  be 
too  deep  at  the  Little  Smoky  bridge  site  to  have  caused  the 
bank  instability.  With  50  feet  of  Wapiti,  300  feet  of 
Dark  Marine  Shale  and  20  feet  of  Bad  Heart  Sandstone,  the 
top  of  the  Kaskanau  formation  would  have  been  60  feet  below 
the  existing  average  river  level  at  the  bridge  site.  This 
was  assuming  that  the  top  of  the  Wapiti  formation  was  at 
the  same  elevation  as  the  top  of  the  valley  walls  which  was 
probably  not  the  case,  as  Pleistocene  deposition  was  exten¬ 
sive  in  the  area. 

Pleistocene  History 

The  geological  information  concerning  the  Pleisto¬ 
cene  and  recent  periods  was  obtained  from  Henderson  (1958), 
except  where  otherwise  noted.  Henderson  concentrated  on 
Pleistocene  and  recent  deposits  in  the  Smoky  and  Little 
Smoky  River  basins  south  of  the  Peace  River.  Rutherford 
(1930)  dealt  with  Pleistocene  deposits  in  much  less  detail 
and  concentrated  on  the  bedrock  formations . 

The  period  of  Pleistocene  glaciation  was  preceded 
by  a  long  period  of  erosion  during  the  Tertiary  period  which 
resulted  in  the  formation  of  wide  valleys  with  gentle  slopes 


4  3 


In  early  Pleistocene,  the  main  rivers  with  sources  in  the 
foothills  carried  gravels  deposited  in  them  by  Cordilleron 
glaciation.  These  gravels  were  in  turn  deposited  over  the 
bedrock  river  banks.  It  was  estimated  by  Henderson  that  three 
and  perhaps  four  ice  invasions  then  occurred,  originating 
from  the  northeast.  Both  erosion  and  deposition  took  place 
but  the  latter  was  predominant  and  valleys  were  infilled  with 
sediments.  After  recession  of  the  glaciers,  valleys  were 
again  incised  by  rivers  resulting  eventually  in  the  existing 
topography . 

The  preglacial  Saskatchewan  Sands  and  Gravels , 
as  termed  by  Rutherford  (1930),  had  their  origin  in  the  foot¬ 
hills  of  the  Rocky  Mountains.  They  contained  neither 
granites  nor  gneisses  of  shield  origin  but  commonly  consisted 
of  quartzites,  cherts  and  sandstones.  In  early  Pleistocene, 
these  gravels  were  deposited  over  the  bedrock  river  banks 
by  fast  flowing  melt  water  from  Cordilleron  glaciers  and, 
therefore,  occur  between  bedrock  and  overlying  till  formations . 
According  to  Henderson  (1958)  they  can  be  found  in  the  Smoky, 
Little  Smoky  and  Peace  River  valleys .  They  are  also  common 
in  the  North  Saskatchewan  River  where  they  overlie  the 
Edmonton  Formation  (Bayrock  and  Hughes,  1962). 

A  cross-section  of  the  Little  Smoky  site  is  illu¬ 
strated  in  Figure  3.1.  Also  shown  are  the  soil  types 
determined  from  the  various  boreholes.  Gravelly  clay  de¬ 
posits  were  found  at  the  bottom  of  boreholes  IB  and  5. 
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FIGURE  3.  I  STRATIGRAPHIC  PROFILE  ALONG  ARC  CUT  LINE  [FIGURE6.I]  AT  LITTLE  SMOKY  RIVER 

[not  to  scale,  logged  by  research  council  of  alberta,  I960] 
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A  single  gravel  deposit  was  found  at  a  comparatively  high 
elevation  in  borehole  6.  In  borehole  2,  a  gravel  deposit 
five  feet  thick  was  found  above  a  clay  deposit  described  as 
clay-shale.  A  narrow  clay-shale  seam  was  discovered  in 
borehole  4.  All  boreholes  showed  an  increase  in  the  per¬ 
centage  of  sand  at  greater  depths.  The  bedrock  clay-shale 
deposits  exhibited  no  continuity  either  vertically  or  hori¬ 
zontally.  Both  the  clay-shale  deposits  in  boreholes  2  and 
4  were  found  at  a  depth  of  comparatively  low  moisture  content 
and  the  higher  stiffness  of  the  samples  may  have  led  to  a 
misinterpretation  of  the  data.  In  the  author’s  opinion, 
the  evidence  in  the  majority  of  the  borehole  logs  showed 
that  basal  gravels  were  not  penetrated  although  the  apparent 
increase  in  sand  with  depth  indicated  an  approach  to  such 
deposits.  The  bedrock  was  therefore  deeper  than  the  greatest 
penetration  of  the  boreholes  since  it  supposedly  was  covered 
with  basal  gravels. 

In  the  area  investigated  by  Henderson,  till 
was  found  to  occur  as  a  surficial  deposit  in  a  large  area 
between  Whitemud  Creek,  Alberta  and  south  to  Sturgeon  Lake. 

It  was  very  extensive  as  a  surficial  deposit  in  the  Sturgeon 
Lake  area  but  north  of  Whitemud  Creek  it  was  covered  by 
lacustrine  deposits.  Henderson  pointed  out  that  doughnut 
shaped  mounds  were  the  predominant  till  feature  in  the 
eastern  portion  of  the  area  which  included  the  Little 
Smoky  site.  These  mounds  were  symmetrical  with  a  central, 
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swampy  depression.  Henderson  estimated  that  they  were  4  to 
15  feet  in  height  with  a  diameter  varying  from  250  to  450 
feet.  The  mounds  appear  to  be  present  in  the  vicinity  of 
the  Little  Smoky  River  bridge  site  as  shown  on  the  aerial 
photograph  in  Figure  3.2.  This  author  did  not  personally 
investigate  the  mounds  around  the  bridge  site  to  ascertain 
if  they  were  similar  to  the  ones  investigated  by  Henderson 
but  there  is  an  indication  that  till  is  present  in  the  area. 

Boreholes  at  Falher,  Alberta,  have  shown  a  till 
thickness  of  250  feet  and  other  observations  in  the  area 
indicated  that  the  till  thinned  toward  the  south  where  at 
Valleyview,  a  thickness  of  four  feet  was  observed  by 
Henderson  (1958).  Boreholes  3,  4,  5  and  6  in  Figure  3.1 
exceeded  a  depth  of  75  feet  and  should,  in  all  probability, 
have  penetrated  the  till  but  there  was  no  difinite  evidence 
of  shale  bedrock  in  the  logs  except  in  boreholes  2  and  4. 

Three  till  sheets  were  found  by  Henderson  which 
indicated  that  there  were  three  separate  ice  invastions.  The 
youngest  till  sheet,  called  the  Upper  Till,  was  found  at 
New  Fish  Creek  and  areas  north  and  east  of  it.  It  contained 
very  few  stones,  approximately  47  per  cent  finer  than  .0025  mm 
and  was  grey  to  grey-brown  in  colour.  The  high  proportion 
of  clay  sizes  in  this  till  was  attributed  to  lacustrine  clays 
over  which  the  last  glacier  advanced.  The  Upper  Till  was 
differentiated  from  existing  lacustrine  clays  by  the  strati- 
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FIGURE  3.2  AIR  PHOTO  ILLUSTRATING  DONUT-SHAPED  TILL 


MOUNDS  AT  THE  LITTLE  SMOKY  BRIDGE  SITE 
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fication  of  the  latter.  The  Middle  Till,  located  under  the 
Upper  Till,  was  a  brown  colour  and  had  a  blocky,  prismatic 
fracture  pattern  as  it  dried.  It  had  24  per  cent  finer  than 
.0025  mm,  contained  more  gravels  than  the  Upper  Till  and 
the  gravels  were  predominantly  of  Canadian  Shield  origin. 

The  clayey  matrix  of  this  till  had  its  origin  in  the 
bedrock  shales.  The  Lower  Till  had  more  pebbles  than  the 
Middle  Till,  and  had  a  yellow-brown  to  brownish-grey  colour. 

Of  the  three  tills,  the  Middle  Till  had  the  greatest  exposures 
in  the  area  investigated  by  Henderson. 

Grain-size  analysis  of  samples  taken  from  the 
Little  Smoky  site  revealed  42  per  cent  finer  than  .002  mm 
and  a  well-graded  grain-size  distribution.  The  colour 
of  the  samples  was  dark-grey  and  they  were  not  stratified. 

Some  pebbles  taken  from  the  samples  were  identified  as 
quartzites  and  were  of  Rocky  Mountain  origin  (Westgate,  1965). 
The  evidence  stated  above  closely  agreed  with  Henderson's 
description  of  the  Upper  Till  formation.  If  this  was  the 
case  and  Middle  and  Lower  Tills  were  present,  then  the 
bedrock  formation  was  considerably  deeper  than  35  to  40  feet, 
the  depth  at  which  samples  were  obtained  in  borehole  3. 

Glacio-lacustrine  deposits  covered  the  area  in¬ 
vestigated  north  of  Whitemud  Creek,  and  along  the  Little 
Smoky  River  Valley.  These  deposits  were  laid  down  in  two 
proglacial  lakes  that  formed  as  the  ice  receded.  Glacial 
Lake  Valleyview  covered  the  area  of  Sturgeon  Lake  and 
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areas  northeast  along  the  Little  Smoky  River.  The  lacustrine 
sediments  deposited  were  described  as  silts  overlying  massive 
laminated  clays.  The  deposit  was  approximately  10  feet  thick 
Glacial  Lake  Falher  was  formed  by  the  ice-dam  to  the  north 
and  the  uplands  to  the  east  and  west.  Clays,  silts  and  sands 
were  carried  into  this  lake  by  the  Peace,  Smoky  and  Little 
Smoky  Rivers  and  so  the  sediments  had  Cordilleran  origin. 
These  sediments  were  deposited  over  a  large  till  sheet  which 
extended  east  and  west  of  the  Smoky  River.  The  maximum  thick 
ness  of  this  lacustrine  deposit  was  about  12  feet.  The 
deposit  graded  from  the  clay  to  sand  from  the  underlying 
till  to  the  surface  of  the  deposit.  At  the  present  time, 
periglacial  sand  dunes  cap  the  deposit  in  the  area  around 
the  junction  of  the  Smoky  and  Little  Smoky  Rivers. 

In  the  vicinity. of  the  Little  Smoky  bridge  site, 
the  lacustrine  cover  appeared  to  be  silt  that  was  deposited 
in  proglacial  lake  Valleyview.  The  cover  was  thin  since 
the  till  mounds  showed  through  fairly  clearly. 

Henderson  postulated  a  typical  soil  profile  of 
the  Little  Smoky  River  from  its  mouth  to  the  bridge  site.  - 
The  profile  showed  till  overlying  the  bedrock,  the  middle 
till  having  the  greatest  thickness  of  the  three  mentioned, 
and  lacustrine  sediments  of  clay  and  silt  overlying  the  till. 
The  till  thinned  out  considerably  over  the  flat  terrain 
beyond  the  valley  since  the  preglacial  valleys  received 
greater  thicknesses  of  till  drift  than  the  table  land  between 
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valleys . 

Character  of  Tills 

Tills  are  a  direct  glacial  deposit  and  as  such 
contain  a  wide  range  of  grain-sizes  (Flint,  1963).  A  till 
deposit  may  also  have  pockets  of  silt  and  sand  and  some 
bedding  of  coarser  sizes  may  be  found  between  two  till  sheets 
(Elson,  1960).  Tills  usually  exhibit  no  stratification 
(Flint,  1963)  which  infers  that  no  horizontal  planes  of 
weakness  should  be  present,  such  as  found  in  many  clay  shales. 
According  to  Elson  (1960)  till  may  also  have  a  jointed 
structure  and  oblique  joints  have  been  found  to  be  common 
in  clayey  tills. 

It  is  evident  that  tills  can  be  very  erratic  by 
nature  and  this  may  also  be  the  case  with  respect  to  their 
engineering  properties.  For  example,  the  "boulder  clay" 
at  Selset  (Skempton,  1964)  showed  a  low  value  of  cohesion 
although  apparently  subjected  to  large  loads  in  its  geologic  past. 

Summary 

In  this  chapter,  the  geology  of  the  Peace  River 
area  was  briefly  described.  The  Pleistocene  deposits  ex¬ 
pected  to  be  found  in  the  Little  Smoky  River  Valley  were 
outlined  and  mention  was  made  of  the  fact  that  the  pre¬ 
glacial  river  valley  was  infilled  to  a  large  extent  by  tills. 

Slip  surfaces  at  depths  less  than  about  75  feet  would  in 
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all  probability  be  located  in  the  tills  since  it  was 
estimated  that  the  bedrock  was  somewhat  deeper. 


CHAPTER  4 


APPARATUS  AND  PROCEDURES 

Aim  of  Test  Program 

The  aim  of  the  test  program  was  to  reassess  the 
embankment  instability  at  the  Little  Smoky  River  bridge 
site  using  residual  strength  parameters  obtained  from  a 
direct  shear  box.  The  peak  parameters  were  compared  to 
those  obtained  from  consolidated  undrained  triaxial  tests 
with  pore  pressure  measurements  in  order  to  assess  the 
accuracy  of  the  direct  shear  apparatus  and  associated  pro¬ 
cedures.  Consolidated  undrained  triaxial  tests  with  pore 
pressure  measurement  on  normally  consolidated  remoulded 
specimens  were  carried  out  to  investigate  the  validity  of 
Skempton’s  hypothesis  that  normally  and  overconsolidated 
clays  had  the  same  residual  strengths  at  the  same  normal 
effective  stresses,  as  applied  to  the  Little  Smoky  Clay 
Till. 

Direct  Shear  Box 

The  shear  box  was  constructed  for  double  direct 
shear  for  samples  having  the  approximate  dimensions  of 
2  in .  x  4  in .  x  3  in .  The  shear  box  was  placed  in  a  tank 
which  was  filled  with  water  to  ensure  no  evaporation  of 
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moisture  from  the  sample  in  a  long  term  test.  The  centre 
section  of  the  shear  box  was  displaced  by  pistons  that  were 
guided  through  teflon  bushings  at  the  ends  of  the  tank.  The 
normal  load  was  applied  through  a  lever  system  and  hangar 
that  have  a  multiplication  factor  of  ten.  The  lever  arm  was 
maintained  in  a  horizontal  position  by  adjusting  a  screw  jack 
as  volume  changes  occurred.  The  upper  section  of  the  shear 
box  was  held  in  position  by  set  screws.  Teflon  guides 
attached  to  the  centre  section  maintained  the  alignment  of 
that  section  while  being  displaced.  The  bottom  section  was 
fixed  in  position  by  shear  pins  set  into  the  bottom  of  the 
tank.  The  shear  force  was  applied  by  a  constant  speed  motor 
driven  worm  gear.  Many  different  displacement  rates  could 
be  obtained  through  an  available  system  of  gears.  All 
metal  parts  in  the  tank  and  shear  box  were  of  stainless 
steel.  Drawings  of  the  apparatus  are  at  Appendix  A  and 
a  sketch  of  the  shear  box  is  at  Figure  4.1. 


FIGURE  4.1  SKETCH  OF  SHEAR  BOX 
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It  was  originally  hoped  that  6-inch  diameter 
samples  would  be  available  and  the  box  was  therefore  made 
five  inches  long.  Only  4  3/4-inch  diameter  samples  could 
be  obtained  and  the  box  length  was  then  shortened  to  four 
inches  by  shims.  These  shims  can  be  removed  if  it  is 
desired  to  test  specimens  five  inches  in  length  in  a  future 
program. 

Instrumentation 

It  was  expected  from  calculations  of  the  time  to 
failure,  to  ensure  a  fully  drained  test  in  the  direct 
shear  box,  that  a  test  duration  of  two  or  three  weeks  would 
be  required.  In  order  to  facilitate  taking  readings  over 
a  24-hour  period  throughout  the  duration  of  the  test,  data 
was  recorded  automatically  on  a  digital  recorder  at  specified 
time  intervals.  The  data  was  electronically  measured  by 
a  load  cell  (shear  force)  and  two  DTDT's  (Differential 
Transformer  Displacement  Transducers),  one  each  for  the 
vertical  and  horizontal  deflections. 

The  type  of  load  cell  used  was  essentially  a 
metal  cylinder  in  which  the  strain  under  axial  loading 
was  picked  up  by  attached  electric  SR4  strain  gauges . 

The  change  in  the  resistance  of  the  strain  gauges  with  the 
deflection  of  the  load  cell  was  recorded  as  a  voltage 
change  by  a  digital  recorder  or  a  voltmeter.  The  load 
cell  was  constructed  of  duraluminum  for  a  maximum  load 
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of  500  lbs.  The  area  required  was  0.017  in  and  the  cell 
was  a  hollow  tube  with  an  internal  diameter  of  0.3  inches 
and  a  wall  thickness  of  0.017  inches.  The  hollow  tube 
design  provided  sufficient  safety  against  buckling  failure 
and  provided  sufficient  surface  area  to  attach  the  SR  4  gauges. 
Design  criteria  were  obtained  from  the  Alcoa  Structural 
Handbook  (1960). 

The  characteristics  of  the  load  cell  were: 

a.  Sensitivity :  A  full  Wheatstone  Bridge  arrange¬ 
ment  was  used.  Two  dummy  SR  4  gauges  were  attached  to  a 
separate  piece  of  duraluminum  and  two  active  gauges  were 
attached  to  the  load  cell.  This  arrangement  gave  twice 
the  sensitivity  of  a  half  bridge.  With  a  Budd  strain 
indicator,  the  calibration  factors  was  0.0997  lb  per  micro¬ 
inch,  whereas  with  the  digital  recorder,  the  factor  was 

-2 

0.416  lb  per  millivolt  x  10  .  Since  the  Budd  recorder 

measured  to  the  nearest  micro-inch  per  inch  and  the  digital 

_  2 

recorder  to  the  nearest  millivolt  x  10  ,  it  was  apparent 

that  the  sensitivity  using  the  digital  recorder  was 
approximately  25  per  cent  of  that  of  the  Budd  recorder. 

The  full  scale  error  of  the  digital  recorder  was  determined 
to  be  ±0.07  per  cent.  The  full  scale  reading  was  12  milli¬ 
volts  for  the  500  lb  load,  and  the  error  was,  therefore, 

±0.35  lb. 

b.  Temperature :  Although  the  full  bridge  arrangement 
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was  temperature  compensated  with  the  dummy  gauges,  it  was 
found  during  creep  tests  that  temperature  variations  did 
affect  the  load  cell.  The  temperature  deviation  was  esti¬ 
mated  to  be  ±0.15  lb/°F. 

c.  Creep :  A  three  day  creep  test  was  performed  on 
the  load  cell  under  a  load  of  132  lbs.  According  to  Holubec 
and  Scott  (1965),  a  linear  relationship  exists  between  the 
logarithm  of  time  and  creep.  Creep  was  0.8  lbs  in  1000 
minutes  which,  when  extrapolated  to  16  days  (approximate 
test  duration),  would  result  in  a  creep  of  1.2  lbs.  Creep 
may  occur  in  the  load  cell  and  in  the  bonding  cement 
(Holubec  and  Scott,  1965).  Creep  in  the  load  cell  increases 
the  apparent  load  and  creep  in  the  bonding  cement  decreases 
the  apparent  load.  It  was  interesting  to  note  that  the 
load  apparently  decreased  in  the  creep  tests  conducted 
indicating  more  creep  in  the  cement  than  in  the  load  cell. 
The  cement  creep  can  be  reduced  by  decreasing  the  thickness 
of  bonding  cement  (Holubec  and  Scott,  1965). 

The  vertical  and  horizontal  deflections  in  the 
direct  shear  test  were  measured  by  Differential  Transformer 
Displacement  Transducers.  This  transducer  consisted  of  a 
transformer  and  a  rod  which  was  displaced  between  the 
primary  and  secondary  coils.  The  primary  was  DC  excited 
and  the  DC  output  varied  with  the  rod  displacement.  The 
relationship  between  the  rod  displacement  and  DC  output 
was  linear  over  the  recommended  displacement  range  of  the 
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manufacturer.  There  was  no  hysteresis  and  the  deviation  from 
the  linear  was  0.5  per  cent  of  full-scale  reading. 

The  DTDT ' s  showed  some  variation  with  temperature. 
This  was  not  considered  to  be  too  serious  with  the  horizontal 
deflection.  Accurate  readings  of  the  vertical  deflection 
were  required  since  considerable  scatter  of  points  occurred 
near  the  end  of  primary  consolidation  in  the  direct  shear 
box  and  it  was  difficult  to  determine  when  100  per  cent  con¬ 
solidation  had  been  achieved.  Accurate  vertical  deflection 
readings  were  also  required  to  assess  the  volume  changes 
during  shear.  Temperature  was  therefore  recorded  throughout 
the  duration  of  the  direct  shear  tests  by  means  of  a 

thermocouple.  The  variation  in  vertical  deflection  with 

-4 

temperature  was  found  to  be  7  x  10  in/°F  and  this  calibra¬ 
tion  would  likely  vary  for  different  DTDT ? s . 

The  load  cell  and  two  DTDT ' s  were  connected  to 
a  digital  recorder.  A  DC  power  supply  converter  provided 
excitation  for  the  instruments  and  converted  the  AC  signals 
to  DC  for  the  input  to  the  recorder.  On  a  command  given 
by  the  digital  clock,  the  voltage  at  each  channel  in  use 
was  measured  by  a  voltmeter  and  values  were  recorded  on  a 
printed  tape.  Readings  could  be  taken  at  any  time  manu¬ 
ally  or  up  to  hourly  intervals  automatically.  A  typical 
set  of  readings  is  illustrated  at  Appendix  B.  It  is  worth 
noting  that  with  an  additional  modification,  it  would  be 
possible  to  record  readings  directly  on  IBM  punch  cards. 


' 


•  i.  -i 


58 


With  a  temperature  variation  of  ±2°C,  the  full  scale  error 
of  the  recorder  was  approximately *0 . 0 7  per  cent  of  full  scale. 

Calibration  Direct  Shear  Box 

Before  starting  the  test  program,  the  values  of 
piston  friction,  the  normal  tare  load  and  the  lever  multipli¬ 
cation  factor  had  to  be  determined.  The  results  of  this 
calibration  were: 

a.  Friction :  The  two  pistons  passed  through  teflon 
bushings  at  either  end  of  the  shear  box  tank.  With  the  two 
pistons  inserted  and  the  empty  shear  box  in  place,  the  fric¬ 
tion  of  this  system  was  measured  with  a  calibrated  load  cell. 
The  load  increased  to  a  constant  maximum  value  of  8.23  lbs. 

The  friction  of  the  two  pistons  without  the  shear  box  in 
place  was  1.18  lbs.  Prior  to  an  actual  test  with  a  soil 
specimen  in  the  shear  box,  the  shear  box  sections  were 
separated  slightly.  It  should  then  be  expected  that  only 
the  two  pistons  would  offer  frictional  resistance.  It  was 
difficult  to  determine  during  a  test  whether  the  shear  box 
sections  were  separated  entirely  and  it  was  therefore  likely 
that  the  frictional  resistance  of  the  system  was  somewhere 
between  1.18  and  8.23  lbs.,  but  probably  closer  to  the  lesser 
value . 

b.  Normal  Tare  Load:  The  determination  of  the  normal 
tare  load  was  complicated  by  the  lever  system.  It  was 
decided  to  obtain  the  tare  load  by  a  proving  ring  inserted 
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under  the  hangar  with  the  shear  box  and  tank  removed.  The 

average  of  readings  from  three  different  calibrated  proving 

rings  gave  a  normal  tare  load  of  98.67  lbs.  To  this  was 

added  the  weight  of  the  loading  cap  and  stainless  steel 

teeth  giving  a  load  of  101.26  lbs.  Since  different  types 

of  porous  stone  and  sizes  of  load  ball  bearings  may  be  used, 

the  weights  of  these  would  have  to  be  added  prior  to  each 

2 

test.  For  a  specimen  area  of  51.6  cm  ,  the  normal  tare 

2 

pressure  is  0.914  kg/cm  . 

c.  Lever  Ratio:  The  lever  system  was  designed  to 
provide  a  multiplication  factor  of  10 .  Using  a  proving  ring 
as  described  above,  and  various  loads  on  the  pan,  the  10:1 
ratio  was  consistently  attained  within  ±0.2  per  cent. 

d.  Available  Test  Rates:  A  constant  speed  (24  rpm) 

electric  motor  provided  a  constant  rate  of  deformation. 

Reductions  in  rate  were  provided  by  a  2 5  speed  gear  box,  a 

16:62  ratio  from  drive  sprocket  to  the  gear  box  that  housed 

the  worm  and  a  reduction  of  50:1  in  the  worm  gear  box.  The 

—  6 

rates  varied  from  17,200  x  10  inches  per  minute  to 
—  6 

7  x  10  inches  per  minute, at  the  worm.  Two  rates  were 
calibrated  and  they  agreed  within  ±  0.5  per  cent  of  the 
manufacturer's  rating  . 

The  characteristics  of  the  direct  shear  box  and 
accompanying  instrumentation  are  summarized  in  Table  4.1. 
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TABLE  4.1 

CHARACTERISTICS  OF  DIRECT  SHEAR  BOX 
AND  ASSOCIATED  INSTRUMENTATION 


1.  LOAD  CELL  Constant 

0.416  lbs/mv  x  10  ^  ±4% 

Recorder  Accuracy 

±0.07%  Full  Scale 

Temperature  Error 

0.15  lbs/°F 

Creep 

0.8  lbs  in  1000  min. 

( Negative ) 

2 .  DTDT  Constants 

174  x  10  6  in/mv 

(Vertical  Deflection) 
238  x  10"6  in/mv 

(Horizontal  Deflection) 

Deviation  From  Linear 

±0.5%  Full  Scale 

Temperature  Error 

±7  x  10-4  in/°F 

Recorder  Accuracy 

±0.07%  Full  Scale 

3.  DIRECT  Friction 

1.18  lbs  Pistons  only 

8.23  lbs  Pistons  and  Box 

SHEAR 

Normal  Tare  Load 

BOX 

101.26  lbs  ±1.41bs 

Hangar,  Lever,  Load 

Pan,  Loading  Cap  and 
Teeth . 

Ratio  Pan  Load: 

Specimen  Load 

Rates  of  Strain 

1:10  ±0.2% 

17,200  x  10“6  to 

7  x  10~6  in/min.  ±0.5% 

Rates  of  Strain 
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Procedure 

The  detailed  procedure  for  the  direct  shear  box 
is  at  Appendix  C.  Modifications  and  important  considerations 
in  the  procedure  used  in  this  program  were: 

a.  Trimming :  It  was  found  that  a  medium  stiff  clay 
till  could  be  cut  with  a  wire  saw  using  the  trimmer  (Appen¬ 
dix  A).  There  were  numerous  small  pebbles  in  the  Little 
Smoky  Clay  Till  which  made  trimming  difficult  and  time  con¬ 
suming.  When  the  cutting  of  the  wire  saw  was  obstructed  by 
a  pebble,  the  specimen  was  removed  from  the  trimmer  and  the 
pebble  carved  out  of  the  sample.  Cavities  left  by  the 
pebbles  were  patched  with  trimmings.  Final  trimming  to 
obtain  a  precise  fit  in  the  shear  box  was  done  with  a  sharp 
knife  with  the  specimen  out  of  the  trimmer.  Approximately 
two  hours  were  required  to  trim  a  sample. 

b.  Moisture  Contents:  A  series  of  initial  and 
final  moisture  contents  were  taken  in  order  to  determine 
the  changes  in  moisture  content  along  the  failure  planes 
and  vertically  through  the  specimen.  The  initial  moisture 
contents  naturally  had  to  be  taken  outside  the  specimen  but 
were  taken  at  approximately  the  same  elevations  as  the  final 
moisture  contents.  The  moisture  content  profiles  along  the 
failure  planes  indicated  the  variation  in  shear  stresses 
along  the  failure  plane  and  the  variation  in  normal  load. 

The  vertical  profile  was  taken  in  order  to  determine  the 
migration  of  moisture  during  shear  and  in  particular  to 
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determine  if  there  was  a  migration  toward  the  failure  planes 
as  found  by  Skempton  (1964). 

c.  Time  to  Failure:  (1)  It  was  necessary  to  deter¬ 
mine  a  rate  of  testing  to  ensure  that  a  fully  drained  test 
was  being  conducted  and  that  stresses  were  effective.  It 
was  initially  thought  that  a  suitable  time  to  failure  would 
be  determined  by  trial  and  error  but  this  would  have  in¬ 
volved  a  minimum  of  three  tests  at  one  normal  pressure  and 
the  time  available  did  not  allow  for  this.  A  minimum  of 
three  additional  tests  at  different  normal  pressures  would 
also  be  required  to  obtain  the  residual  strength  parameters. 

As  a  result  it  was  decided  to  calculate  the  time  to  failure 
using  a  formula  developed  by  Gibson  and  Henkel  (1954).  The 
comparison  of  the  strengths  obtained  with  those  from  the 
triaxial  tests  would  probably  indicate  whether  fully  drained 
tests  were  conducted. 

(2)  Gibson  and  Henkel  (1954) 

developed  a  formula  to  compute  the  time  to  failure  for  drained 
direct  shear  tests  from  the  general  theory  of  consolidation. 
Employing  this  theory  and  a  relationship  between  volume 
change  and  the  change  in  effective  stresses  derived  by 
Skempton  (1954),  the  basic  differential  equation  obtained 

<5^u  <5  u  _  5  uQ 
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where  c,  was  the  coefficient  of  consolidation  obtained  from 
b 

consolidation  in  the  direct  shear  box,  u  was  undissipated 

excess  pore  pressure  and  uq  was  the  pore  pressure  that  would 

arise  in  an  undrained  test  subjected  to  the  same  stress 

conditions.  The  solution  of  the  differential  equation  gave 

2 

H  ^  2 

the  time  to  failure  t^.  =  - n - v  where  H  was  the 

f  2  c,(  1  -  u  ) 
b  c 

sample  height  and  uc  was  the  degree  of  consolidation  desired 
at  failure.  In  the  development  of  this  formula,  the  follow¬ 
ing  assumptions  were  made: 

a.  the  assumptions  applicable  to  the  theory  of  con¬ 
solidation  , 

b.  the  development  was  based  on  a  normally  consoli¬ 
dated  clay.  Gibson  and  Henkel  (1954)  state  with 
respect  to  overconsolidated  clays ,  that  the 
formula  "provides  a  measure  of  the  extent  to  which 
conditions  of  the  test  approximate  to  the  fully 
drained  condition." 

c.  the  pore  pressure  at  any  point  in  the  specimen 
was  dependent  only  on  the  change  in  principal 
stresses  and  not  their  rotation, 

d.  the  failure  zone  was  subjected  to  a  uniformly 
distributed  shear  stress, 

e.  the  deformations  were  uniform  throughout  the  full 
depth  of  the  specimen, 

f.  the  undrained  pore  pressure  uq ,  increased  linearly 
with  strain  to  a  constant  peak  value  from  where 
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it  dissipated  with  time, 

g.  the  coefficient  of  consolidation  c^  determined 
from  the  direct  shear  box  was  equal  to  the 
coefficient  obtained  in  a  consolidometer  for  the 
same  soil  type. 

(3)  Skempton  (1964)  pointed  out  that 
the  clay  particles  were  very  heavily  oriented  in  a  narrow 
zone  adjacent  to  the  failure  plane.  The  soil  in  this  narrow 
zone  was  also  found  to  be  at  a  higher  moisture  content  than 
the  rest  of  the  specimen  at  the  end  of  the  test.  Hvorslev 
(1960)  found  that  deformations  were  very  much  higher  adjacent 
to  the  shear  planes  than  elsewhere  in  direct  shear.  These 
facts  indicated  that  deformations  in  a  direct  shear  test 
were  certainly  not  uniform  as  assumed  by  Gibson  and  Henkel 
(1954)  with  the  result  that  the  time  to  failure  calculated 
by  the  formula  was  likely  on  the  side  of  safety,  especially 
for  stiff  soils.  An  attempt  was  made  to  determine  the 
distance  from  the  failure  plane  in  which  severe  particle 
orientation  occurred  by  means  of  investigating  thin  sections 
subjected  to  plane  polarized  light.  An  examination  of 
vertical  moisture  content  profiles  assisted  in  determining 
the  thickness  of  the  zone  adjacent  to  the  failure  planes 
that  underwent  deformation.  It  is  likely  that  the  thickness 
of  the  zone  of  deformation  adjacent  to  the  failure  plane 
can  be  considered  as  the  length  of  the  shortest  drainage 
path  in  drained  tests. 
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(4)  After  an  estimate  of  the 
time  to  failure  was  made,  the  deflection  at  failure  was 
approximated.  For  the  Little  Smoky  Clay  Till  a  deflection 
of  0.1  inch  was  estimated  as  the  failure  deflection  and 
this  proved  to  be  the  deflection  at  failure  in  the  tests 
conducted.  The  rate  of  strain  then  selected  was  calculated 
to  be  6.9  x  10  5  in/min. 

Triaxial  Testing 

Consolidated  undrained  triaxial  tests  with  pore 
pressure  measurements  were  conducted  on  undisturbed  and 
remoulded  specimens  of  the  Little  Smoky  Clay  Till.  Tests 
were  conducted  at  different  cell  pressures  to  obtain  a 
Mohr  strength  envelope  in  terms  of  effective  stresses. 

The  Geonor  triaxial  apparatus  was  used  for  the 
triaxial  tests  (Bjerrum,  DiBiago  and  Kjaernsli,  1957).  A 
transducer  was  employed  to  measure  the  pore  pressures 
developed  during  the  test.  The  transducer  was  inserted  into 
a  stainless  steel  manifold  containing  -a  bleed  value  and 
the  manifold  was  connected  to  one  of  the  pore  pressure 
outlets  at  the  base  of  the  triaxial  cells  using  existing 
Geonor  adaptors.  A  calibration  curve  for  the  100  psi 
transducer  used  is  at  Appendix  D.  The  transducer  eliminated 
the  necessity  of  continuous  nulling  of  the  Geonor  pore 
pressure  indicator.  Voltage  changes  of  the  transducer  were 
recorded  on  a  Baldwin  strain  indicator. 
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Back  pressure  was  applied  to  the  undisturbed 

specimens  after  the  consolidation  stage  was  completed  in 

order  to  saturate  the  specimen.  The  back  pressure  used 

was  in  accordance  with  that  recommended  by  Bishop  and 

Henkel  (1962)  except  that  the  sum  of  the  cell  pressure  and 

2 

back  pressure  was  never  greater  than  6  kg/cm  which  could 
not  be  exceeded  for  tests  of  long  duration  using  the 
Geonor  equipment.  The  back  pressure  was  applied  through 
the  copper  tubing  (pore  pressure  lead  in  normal  testing) 
into  one  of  two  ports  leading  to  the  pedestal.  The 
transducer  was  connected  to  the  second  port.  The  back 
pressure  was  applied  after  normal  working  hours  and  left 
overnight  in  order  that  equalization  could  occur.  Shear 
tests  were  started  the  following  morning.  Back  pressures 
were  not  used  for  tests  conducted  on  remoulded  specimens 
since  the  degrees  of  saturation  were  approximately  100 
per  cent  and  negative  pore  pressures  were  not  expected 
to  occur. 

The  principal  concern  in  obtaining  a  suitable  time 
to  failure  for  a  stiff  clay  was  the  equalization  of  pore 
pressure.  Bishop  and  Henkel  (1962)  mention  that  a  stiff 
clay  specimen  may  deform  in  comparatively  thin  zones 
indicating  that  a  much  slower  rate  of  testing  than  normally 
used  is  required  in  order  that  the  correct  pore  pressure  at 
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failure  is  measured  at  the  base  of  the  specimen.  There  is 

evidence  that  five  days  may  be  required  for  specimens  three 

inches  in  height.  The  coefficient  of  consolidation  obtained 

in  triaxial  consolidation  of  the  undisturbed  specimens 

-4  2 

varied  from  1.5  to  3  x  10  cm  /sec.  According  to  Bishop 
and  Henkel  (1962),  equalization  at  failure  may  be  obtained 
in  one  working  day  for  specimens  having  this  coefficient, 
if  side  drains  are  used.  Calculated  failure  times  can  vary 
from  1.2  hours  to  28  hours  depending  on  the  estimate  of 
drainage  efficiency.  It  was  decided  to  test  at  a  strain 
rate  of  0.11%  per  hour  with  failure  estimated  at  2.5%  strain. 
This  rate  was  much  slower  than  was  previously  used  on  Little 
Smoky  Clay  Till  (Brooker,  1965),  which  provided  an  opportunity 
to  investigate  the  effects  of  test  duration  on  the  strength 
of  this  soil  type. 

Summary 

In  this  chapter,  the  apparatus  and  instrumentation 
to  be  used  in  the  test  program  were  described  briefly. 
Calibration  constants  and  the  expected  accuracy  of  the 
equipment  were  discussed  and  summarized  in  Table  4.1. 

Special  points  regarding  the  procedures  to  be  used  were 
mentioned  including  the  methods  of  determining  the  time 
to  failure  for  full^  drained  direct  shear  tests  and 
consolidated  undrained  triaxial  tests  with  pore  pressure 


measurements . 
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CHAPTER  5 


RESULTS  AND  DISCUSSION 


Soil  Properties 

The  borehole  logs  for  ARC3  (1960)  and  3A  (1965)  are 
at  Appendix  E.  Borehole  ARC3A  was  drilled  by  the  Department 
of  Highways  of  Alberta  with  the  author  supervising.  With 
the  aid  of  a  technician,  who  had  previously  logged  ARC3, 
and  site  plans  available  at  the  Department  of  Highways,  the 
location  of  borehole  ARC3A  was  estimated  to  be  within  75  feet 
of  borehole  ARC3.  Reasonably  accurate  location  of  the 
borehole  was  essential  if  strength  results  were  to  be 
comparable . 

Dry  drilling  was  used  for  the  full  penetration  of 
ARC3A  and  samples  were  taken  to  establish  profiles  of  Atter- 
berg  Limits  and  moisture  content  with  depth.  Three  penetra¬ 
tion  tests  were  conducted  and  three  unconfined  compression 
tests  were  carried  out  from  the  available  samples.  Con¬ 
tinuous  sampling  was  undertaken  from  35  feet  to  44  feet 
using  the  4.75-inch  diameter  Shelby  tubes  provided  by  the 
Department  of  Highways.  This  depth  corresponded  with  ARC3 
samples  U-9  to  U-13  of  which  samples  U-10  and  U-12  were 
used  for  strength  tests  conducted  in  1960. 

Table  5.1  illustrates  the  soil  properties  obtained 
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from  the  large  Shelby  samples.  Three  values  are  shown  for 
Atterberg  Limits,  grain  size  and  specific  gravity  represent¬ 
ing  samples  4,  1  and  3  respectively.  Since  the  difference 
between  these  values  was  small,  they  were  averaged  for  the 
calculation  of  activity  number  and  for  plotting  on  the 
Plasticity  Chart.  It  should  be  noted  that  the  sum  of  the 
milliequivalents  per  100  grams  air  dried  soil  (me/100  gm 
a.d.s.)  representing  individual  cations  did  not  agree  with 
the  total  cation  exchange  capacity.  The  me/100  gm  a.d.s.  of 
the  calcium  cations  was  high  and  the  discrepancy  was  due 
to  the  fact  the  pore  water  contained  an  abundance  of 
calcium  carbonate  (Lowe,  1965). 

Figure  5.1  is  a  plasticity  chart  illustrating  the 
range  of  1960  test  results  and  the  location  of  the  1965  value. 
The  group  of  values  tended  to  fall  above  and  parallel  to 
the  'A'  line.  The  1965  test  result  appeared  to  have  slightly 
more  plasticity  than  the  mean  of  the  1960  tests  but  fell 
within  the  indicated  range. 

Figure  5.2  illustrates  the  grain-size  distribution 
range  of  the  1960  test  results  and  the  range  for  the  1965 
tests,  which  was  obtained  from  three  trials.  A  comparatively 
greater  percentage  of  clay  sizes  was  associated  with  the  1965 
result  which  likely  accounted  for  its  slightly  higher 
plasticity.  Dispersion  time  and  the  amount  and  concentration 
of  dispersing  agent  used  in  the  wet  mechanical  analysis  may 
have  also  contributed  to  the  apparent  discrepancy  in  the 
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TABLE  5.1 

PROPERTIES  OF  LITTLE  SMOKY  CLAY  TILL 


PROPERTY  TEST  VALUES  AVERAGE 


Specific  Gravity 

2 . 71 

2.69 

2.71(a) (b) (c) (d) 

2 . 71 

Natural  Water  Content 

18 . 3% 

Liquid  Limit 

48 . 5% 

4  8.7% 

47% 

48.1% 

Plastic  Limit 

16.7% 

17.0% 

16 . 8% 

16.8% 

Shrinkage  Limit 

10.8% 

10 . 3% 

11.3% 

10 . 8% 

Plastic  Index 

31.8% 

31.7% 

3  0.2% 

31.2% 

Liquidity  Index 

0 .05 

Grain-Size  Distribution 

(b) 

%  Sand 

23 

24 

24 

24 

%  Silt 

35 

34 

34 

34 

%  Clay 

42 

42 

42 

42 

Activity  Number 

0 . 74 

(c) 

Clay  Mmerology 

Montmorillonite 

58% 

Illite 

18% 

Chlorite 

12% 

Quartz 

12% 

Cation  Exchange  Capacity 

17 

me/ 100  gms 

a  .  d  .  s 

Sodium 

1.1 

me/ 100  gms 

a .  d .  s 

Calcium 

35 . 3 

me/ 100  gms 

a  .  d  .  s 

Magnesium 

3 . 0 

me/ 100  gms 

a .  d  .  s 

Potassium 

1.1 

me/100  gms 

a  .  d  .  s 

Permeability  ^  ^  ^ 

3  x  10  **  cm/sec 

@ 

e  =  0.5 

(a)  Determined  from  samples  4,  1  and  3  respectively. 

(b)  MIT  Scale 

(c)  Determined  from  clay  fraction  samples  4,  1  and  3. 

(d)  Determined  from  one  dimensional  consolidation  tests  on 
undisturbed  specimens. 
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FIGURE  5.1  PLASTICITY  CHART  FOR  LITTLE  SMOKY  CLAY  TILL,  1962  •  ,  1965 ^ 
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FIGURE  5.  2  GRAIN  SIZE  DISTRIBUTION  FOR  LITTLE  SMOKY  CLAY  TILL 
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percentages  of  clay  sizes.  All  the  test  results  showed  a 
tendency  toward  equal  percentages  of  clay,  silt  and  sand 
sizes  (MIT  scale)  indicating  that  till  was  the  soil  type  under 
consideration . 

Typical  consolidation  e  log  P  curves  obtained  from 
the  undisturbed  samples  from  ARC3A  are  shown  in  Appendix  F. 

The  e  log  P  curves  indicated  free  swell  pressures  of  from 

2  2 

0.57  kg/cm  to  0.93  kg/cm  and  a  rebound  to  approximately 
90  per  cent  of  the  initial  void  ratio.  The  swelling 
pressures  recorded  were  a  little  lower  than  those  obtained 

9 

previously  for  samples  U-9  and  U-10  of  ARC3  (0.85  kg/cm 

2 

and  1.5  kg/cm  ,  Appendix  E).  It  may  be  of  some  concern  as 
to  the  reason  for  such  high  rebound  in  a  clay  where  calcium 
was  the  predominant  exchangeable  cation.  High  rebound 
characteristics  and  substantial  swelling  pressures  have  been 
generally  attributed  to  sodium  soils  and  the  osmotic 
pressure  effect.  Ali  (1965)  has  shown,  however,  that 
although  sodium  soils  swell  more  than  calcium  at  compara¬ 
tively  high  moisture  contents,  the  swell  is  approximately 
the  same  at  moisture  contents  slightly  greater  than  the 
shrinkage  limit.  In  the  samples  tested,  the  initial  moisture 
content  was  one  to  two  per  cent  higher  than  the  plastic 
limit  or  approximately  8  per  cent  higher  than  the  shrinkage 
limit.  The  trend  indicated  that  high  rebound  and  swelling 
characteristics  could  be  found  in  clays  of  low  liquidity 
index  with  either  calcium  or  sodium  as  the  predominant 


. 
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exchangeable  cation. 

From  the  investigation  of  residual  strength  made 
by  Skempton,  one  of  the  common  characteristics  associated  with 
the  majority  of  case  histories  studied  was  the  fact  that 
the  clays  were  fissured.  The  author  could  find  no  evidence 
of  fissures,  joints  or  cracks  in  the  specimens  obtained. 

In  one  instance  a  conical  slickensided  area  was  discovered 
that  was  approximately  perpendicular  to  the  direction  of 
sampling.  This  appeared  to  be  a  shear  caused  by  sampling. 
Drying  tests  were  also  conducted  to  obtain  an  indication  of 
stratification  but  none  was  observed  although  small  pockets 
of  silt  and  sand  were  found  in  the  specimens.  In  the  author’s 
estimation  the  clay  till  was  intact. 

Similar  values  of  natural  moisture  content,  Atter- 
berg  Limits,  grain-size  percentages  and  swelling  pressures 
were  obtained  in  boreholes  3  and  3A .  The  description  of 
the  soil  types  reported  in  the  borehole  logs  was  also 
similar.  It  was  then  evident  that  the  soil  under  considera¬ 
tion  was  the  same  as  that  previously  tested  to  determine  the 
effective  shear  strength  parameters. 

Direct  Shear  Test  Data 

Table  5.2  illustrates  the  strength  data  obtained 
from  four  direct  shear  tests.  The  peak  and  residual  load 
recorded  by  the  load  cell  is  shown  for  each  normal  stress 
as  well  as  the  deflection  to  peak  and  residual  strength. 
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The  deflection  included  the  distance  travelled  under  stress 

reversals  except  in  the  case  of  the  test  with  normal  stress 

2 

equal  to  0.96  kg/cm  where  no  stress  reversal  was  undertaken. 
The  moisture  contents  were  calculated  as  follows: 

a.  Initial  Moisture  Content:  represented  the  average 
of  32  moisture  contents,  six  taken  vertically  at  each  of  the 
four  compass  points  around  the  specimen  and  an  additional  four 
at  each  of  the  likely  failure  planes .  This  large  number 

of  moisture  contents  was  required  to  compare  final  and 
initial  moisture  content  profiles  along  the  failure  planes 
and  vertically  through  the  sample. 

b.  Consolidation  Moisture  Content:  calculated  on  the 
basis  of  the  volume  change  during  the  consolidation  phase  in 
the  direct  shear  box,  assuming  saturation. 

c.  Final  Moisture  Content:  obtained  by  averaging  ten 
moisture  contents  taken  along  the  failure  planes  at  the 
completion  of  the  test. 

There  was  a  problem  in  determining  the  actual  area 
over  which  the  shear  stresses  were  acting.  This  was  due  to 
the  fact  that  adhesion  between  the  lip  of  the  shear  box  and 
the  specimen  was  probably  mobilized  to  some  extent.  Accord¬ 
ing  to  Lambe  (1962),  if  the  adhesion  between  the  lip  and 
specimen  is  one-half  of  the  shear  stress ,  then  the  true  shear 
stress  will  be  obtained  by  using  the  initial  area  of  the 
specimen  in  calculations .  If  the  lip  of  the  box  is  very 
sharp,  then  the  initial  area  should  be  corrected  by  the  full 


■ 
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deflection.  Since  the  value  of  adhesion  between  the  lip  and 
the  specimen  was  unknown  for  the  direct  shear  tests  con¬ 
ducted,  the  necessary  correction  to  calculate  the  true  area 
could  not  be  applied. 

It  was  mentioned  in  Chapter  4  that  piston  friction 

only  was  likely  active  since  box  friction  was  negligible 

or  very  low  due  to  the  separation  of  the  shear  box  sections 

prior  to  shear.  However,  the  full  range  of  stresses  possible 

were  calculated  to  illustrate  the  combined  effect  of  friction 

and  area  correction  on  the  values  of  shear  stress.  For 

example,  in  Table  5.2,  the  highest  peak  shear  stress  for  a 

2  2 

normal  stress  of  0.96  kg/cm  was  0.80  kg/cm  (piston  friction 

2 

and  full  area  correction)  and  the  lowest  was  0.74  kg/cm 
(piston  and  box  friction,  no  area  correction).  The  varia¬ 
tion  was  not  large  for  the  peak  shear  stresses  but  was  much 
greater  for  the  residual  stresses,  since  large  deflections 
were  associated  with  the  latter. 

Since  the  box  friction  was  small  or  negligible, 
it  was  considered  that  the  stresses,  calculated  from  the 
average  of  the  fully  corrected  area  and  the  initial  area 
in  conjunction  with  piston  friction,  would  give  representative 

values.  Therefore,  the  first  two  values  of  shear  stress 

2  2 

illustrated  in  Table  5.2  (0.80  kg/cm  and  0.78  kg/cm  for 

2 

normal  stress  =  0.96  kg/cm  )  were  averaged  for  stress  - 
deflection  plots ,  Mohr  diagrams  and  moisture  content  - 
log  strength  relationships. 
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Several  assumptions  made  in  the  development  of  the 

formula  to  calculate  the  time  to  failure  were  not  valid.  The 

coefficient  of  consolidation  (C,  )  determined  from  the  con- 

b 

solidation  phase  in  the  direct  shear  box  was  much  greater 
than  that  determined  in  the  oedometer  (C  )  for  all  but 
one  test  (Table  5.3).  Calculated  failure  times  were  theo¬ 
retically  too  short,  and  if  residual  negative  pore  pressures 
were  active  in  the  failure  zone  at  failure,  peak  strengths 
were  too  high.  This  may  have  been  offset  to  some  extent  by 
the  fact  that  deformations  apparently  took  place  in  narrow 
zones  and  the  use  of  one-half  the  sample  height  overesti^ 
mated  the  time  to  failure.  Furthermore,  the  shear  stresses 
on  the  failure  plane  were  not  uniform,  as  indicated  by  the 
variation  in  moisture  content,  which  in  one  case  was  about 
6  1/2  per  cent  (Figure  5.9).  There  was  then  some  doubt 
about  the  validity  of  the  formula  for  calculating  the  time 
to  failure  and  it  is  advisable  to  use  a  trial  and  error 
procedure  in  future  programs . 

Figures  5.3,  5.4  and  5.5  illustrate  stress-deflec¬ 
tion  curves  for  four  direct  shear  tests  conducted.  The 
break  in  the  stress-deflection  curves  represented  a  stress 

reversal.  For  example,  in  the  test  at  a  normal  load  = 

2 

3.08  kg/cm  ,  the  direction  of  shear  was  reversed  three 
times.  The  time  lapse  for  carrying  out  the  stress  reversal 
was  no  longer  than  20  minutes  in  all  cases. 
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TABLE  5.3 

CONSOLIDATION  DATA 
DIRECT  SHEAR  TESTS 


Sample  Normal  Stress  Coefficient  of 

Consolidation 
Shear  Box 


Coefficient  of 
Consolidation 
Oedometer 


S-6 

kg/cm^ 

0 .96 

18 - 3(2  ) 
18.0u; 

.  2 
r in 

(— —  X 

mm 

11 

r — i 

i 

CO 

1.5 

156 . 9 

389 

10 

S-3 

2.1 

114.4 

212 . 7 

10 

CO 

1 

CO 

3.08 

2190 

4900 

12 

Notes :  (1)  Log  fitting  method 

(2)  Square  root  time  method 


Although  the  results  were  fairly  scattered,  there 
was  a  definite  trend  toward  a  constant  ultimate  strength 
being  achieved  after  failure  had  occurred.  However,  the 
selection  of  the  value  of  residual  strength  was  difficult, 
especially  after  one  or  two  stress  reversals  since  the  trend 
in  shear  stress  changed  with  each  stress  reversal.  The 
author,  therefore,  selected  the  lowest  value  of  residual 
strength  recorded  to  obtain  the  shear  strength  parameters. 
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FIGURE  5.4  SHEAR  STRESS  AND  VERTICAL  DEFLECTION  VS.  HORIZONTAL  DEFLECTION 
IN  DIRECT  SHEAR  FOR  LITTLE  SMOKY  CLAY  TILL 
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FIGURE  5.5  SHEAR  STRESS  AND  VERTICAL  DEFLECTION 
VS.  HORIZONTAL  DEFLECTION  IN  DIRECT 
SHEAR  FOR  LITTLE  SMOKY  CLAY  TILL 
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The  figures  show  that  reversing  the  direction  of  shear  was 
certainly  not  ideal  and,  as  a  result,  the  selection  of  the 
residual  strength  value  was  not  clear  cut.  The  centre  portion 
of  the  box  could  be  pushed  approximately  one  inch  in  one 
direction  and  in  the  tests  conducted,  it  was  estimated  that 
approximately  80  per  cent  of  the  drop  in  strength  after 
failure  occurred  at  a  deflection  of  one  inch  in  one  direction. 
It  appeared  feasible  then,  that  satisfactory  values  of 
residual  strength  could  have  been  obtained  by  shearing  in 
one  direction  only  out  to  one  inch  and  applying  a  suitable 
correction.  This  would  have  also  eliminated  the  probable 
effect  of  partially  destroying  a  soil  structure  already 
established  during  shear  in  the  previous  direction. 

A  further  observation  from  Figures  5.3,  5.4  and  5.5 
was  that  a  stress  reversal  was  accompanied  by  a  decrease  in 
the  volume  of  the  specimen.  Evidence  from  moisture  content 
profiles  indicated  that  dilation  seemed  to  be  occurring 
adjacent  to  the  failure  planes  during  shear.  The  author 
was  then  of  the  opinion  that  a  stress  reversal  would  result 
in  additional  consolidation.  If  a  clay  particle  was  being 
forced  up  and  over  an  adjacent  particle  during  shear,  then  it 
seemed  reasonable  that  an  opposing  shear  force  would  tend  to 
return  the  particle  to  its  original  position  resulting  in  a 
volume  decrease.  Hvorslev  (1960)  proposed  that  a  stress 
reversal  would  decrease  the  pore  pressure  but  maintain  the 
same  sign.  Dilation  and  its  associated  negative  pore 
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pressures  would  then  have  to  dissipate  to  some  extent  with 
stress  reversal  allowing  some  consolidation  to  occur. 

All  tests  showed  a  decrease  in  volume  during  the 

application  of  shear  stresses  except  for  the  test  at  a 

2 

normal  stress  equal  to  0.96  kg/cm  (Figure  5.5).  This 
observation  indicated  that  dilation  was  not  occurring 
in  specimens  subjected  to  higher  normal  stresses.  Since 
dilation  is  generally  associated  with  overconsolidated  clays, 
it  was  reasonable  to  expect  that  the  Little  Smoky  Clay  Till 
had  a  fairly  low  preconsolidation  load. 

Triaxial  Test  Data 

The  data  obtained  for  consolidated  undrained  tests 
with  pore  pressure  measurement  is  shown  in  Table  5.4.  Six 
tests  were  conducted  on  undisturbed  specimens  and  three  on 
specimens  remoulded  and  consolidated  from  a  moisture  content 
higher  than  the  liquid  limit.  The  initial  moisture  content 
was  obtained  from  the  trimmings  and  the  consolidation 
moisture  content  was  calculated  from  the  amount  of  water 
lost  during  consolidation.  The  final  moisture  content  was 
the  average  of  three  samples  taken  vertically  through  the 
specimens.  Approximately  a  1/8-inch  skin  was  removed  around 
the  specimen  to  ensure  that  the  final  moisture  contents  were 
not  influenced  by  water  intake  during  dismantling. 

Two  pore  pressure  reactions  were  attempted  on  the 
undisturbed  specimens  tested  at  cell  pressures  of  2.2  and 
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(a)  Number  in  brackets  represents  reaction  time  in  minutes. 
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2  . 

5.02  kg/cm  .  After  five  minutes  the  rate  of  increase  in 

pressure  as  recorded  by  the  transducer  was  very  low  and  it 

appeared  that  a  high  reaction  would  not  be  obtained  for  a 

considerable  length  of  time.  Pore  pressure  reactions  were 

therefore  discontinued  for  the  remaining  tests.  Pore  pressure 

reactions  for  the  remoulded  specimens  were  much  higher,  but 

one  unsatisfactory  reaction  was  obtained  for  the  test  at  a 

2 

cell  pressure  of  5.2  kg/cm  .  Such  low  reactions  for  the 

undisturbed  specimens  were  not  expected  since  the  coefficient 

—  8 

of  permeability  was  in  the  order  of  10  cm/sec  and  initial 
degrees  of  saturation  were  greater  than  93  per  cent.  It 
appeared  that  much  of  the  pore  water  in  the  undisturbed 
specimens  was  bound  or  adsorbed  by  the  clay  particles. 
Remoulded  specimens  were  at  a  much  higher  initial  moisture 
content  and  even  though  at  about  the  same  degree  of  satura¬ 
tion  as  the  undisturbed  specimens ,  exhibited  much  higher 
reactions  indicating  that  most  of  the  pore  water  was  free. 

Table  5.4  also  shows  that  there  was  a  considerable 
discrepancy  between  the  consolidation  moisture  content 
(obtained  from  the  initial  moisture  content  less  the  volume 
of  water  pushed  out  of  the  specimens  during  consolidation) 
and  the  final  moisture  contents.  For  the  undisturbed  speci¬ 
mens  ,  the  final  moisture  contents  were  larger  than  the  initial 
moisture  contents  for  all  but  one  test.  In  all  the  tests, 
burette  readings  appeared  to  be  too  high  and  in  order  to 
indicate  final  moisture  contents  greater  than  initial,  they 
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would  have  to  record  swell  or  water  intake  which  was  not  observed 
during  consolidation.  It  certainly  would  be  expected  that  an 
increase  in  moisture  content  would  result  from  the  applica¬ 
tion  of  back  pressure  after  the  consolidation  phase  but  back 
pressure  was  not  used  on  the  remoulded  specimens.  However, 
faulty  back  pressure  procedure  should  not  be  discounted  as 
a  cause  of  the  non-conformity  in  volume  changes  for  the  un¬ 
disturbed  specimens  since  Lowe  and  Johnson  (1960)  noted  that 
volume  changes  would  occur  if  back  pressures  were  applied 
too  quickly.  For  the  tests  on  Little  Smoky  Clay  Till, 
back  pressures  were  built  up  over  a  period  of  10  minutes 
which  may  have  been  much  too  fast  to  allow  water  to  move 
through  the  pores  to  dissolve  and  compress  pockets  of  air. 

Other  possible  reasons  for  the  discrepancies  in 
moisture  contents  were: 

a.  Membrane  leakage.  Hollingshead  (1965)  has  given 
this  cause  for  similar  anomalies  found  in  tests 
conducted  on  Bear  Paw  Shale , 

b.  Absorbtion  of  moisture  during  mounting  and  dis¬ 
mantling.  This  was  definitely  possible,  especi¬ 
ally  for  a  soil  that  appeared  to  have  a  strong 
affinity  for  water  (note  swell  on  e  log  P  curves 
at  Appendix  F).  During  both  the  mounting  and 
dismantling  process,  the  specimen  could  have  im¬ 
bibed  water  from  the  previously  saturated  porous 
stones  and  filter  strips. 
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The  curves  for  deviator  stress  and  A  versus  per 

cent  strain  for  the  undisturbed  specimens  are  illustrated 

in  Figure  5.6.  There  was  not  much  change  in  the  failure 

2 

stresses  for  the  tests  at  cell  pressures  from  2.2  kg/cm  to 
2  . 

1.18  kg/cm  indicating  that  these  specimens  were  acting 
overconsolidated.  This  observation  was  in  agreement  with 

2 

the  direct  shear  test  result  at  a  normal  stress  of  0.96  kg/cm 
in  which  the  specimen  swelled  during  shear. 

The  pore  pressure  parameter  A  generally  decreased 
with  strain,  but  at  failure  the  values  of  A  appeared  to  be 
high  for  a  till  which  must  have  been  subjected  to  heavy 
ice  loads  in  its  geological  history.  Using  Skempton's 
relationship  between  A  and  overconsolidation  ratio,  the  over¬ 
consolidation  ratio  for  Little  Smoky  Clay  Till  varied  from 
about  three  to  four.  Pore  pressures  for  all  tests  increased 
with  strain  and  reached  a  maximum  positive  value  sometime 
prior  to  the  occurrence  of  the  maximum  principal  stress 

ratio.  The  pore  pressures  then  decreased  with  further  strain. 

2 

Only  two  tests  at  cell  pressures  of  1.4  kg/cm  and  1.18  kg/cm 
showed  negative  pore  pressures  at  failure.  From  these  ob¬ 
servations  ,  it  was  apparent  that  Little  Smoky  Clay  Till  could 
be  considered  as  being  lightly  overconsolidated. 

2 

The  tests  at  cell  pressures  of  2.2.  kg/cm  or 
less,  tended  to  fail  in  a  brittle  manner  creating  a  com¬ 
paratively  severe  break  in  the  stress-strain  curves.  For 

2 

one  of  the  tests  at  1.4  kg/cm  ,  this  break  was  accompanied 
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PERCENT  STRAIN 

FIGURE  5.6  DEVIATOR  STRESS  AND  A  VS.  PERCENT 
STRAIN  FOR  UNDISTURBED  SPECIMENS 
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by  a  rapid  increase  in  pore  pressure  as  reflected  by  the 

relationship  between  A  and  per  cent  strain.  After  the  break 

in  the  stress-strain  curve  occurred,  stress  continued  to 

increase  with  further  strain  and  pore  pressures  decreased. 

The  break  in  the  stress-strain  curves  occurred  approximately 

at  the  maximum  principal  stress  ratio.  The  nature  of  the 

failure  for  the  tests  at  lower  cell  pressures  was  characteristic 

of  overconsolidated  specimens  and  for  comparative  purposes 

it  should  also  be  mentioned  that  the  specimen  tested  at  the 

2 

higher  cell  pressure  of  5.02  kg/cm  tended  to  fail  by  plastic 
flow . 

The  stress-strain  characteristics  for  the  remoulded 

specimens  (consolidated  from  the  liquid  limit)  and  for  A 

versus  strain  are  illustrated  in  Figure  5.7.  The  author 

could  not  explain  the  dip  in  the  stress-strain  curve  for 

2 

the  test  at  a  cell  pressure  equal  to  1.4  kg/cm  .  For  the 
remoulded  specimens,  A  and  pore  pressures  at  failure  were 
very  high  as  would  be  expected  for  normally  consolidated 
clays.  It  will  be  shown  later  that  the  effective  angle 
of  internal  friction  for  the  remoulded  specimens  was  some¬ 
what  higher  than  the  residual  angle.  Although  the  theory 
outlined  in  Chapter  2  suggested  that  these  angles  should  be 
similar  (Bishop,  Webb  and  Lewin,  1965,  found  a  close  similarity 
for  London  Clay  at  medium  pressures),  it  was  likely  that  the 
prestress  effect  as  outlined  by  Casagrande  and  Wilson  (1953) 
caused  the  remoulded  samples  to  act  overconsolidated  giving 
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FIGURE  5.7  DEVIATOR  STRESS  AND  A  VS.  PERCENT 
STRAIN  FOR  REMOULDED  SPECIMENS 
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higher  strengths  than  obtained  from  drained  direct  shear  tests. 

In  other  words,  the  effective  stresses  decreased  greatly  during 
shear  as  exemplified  by  the  high  positive  pore  pressures. 

Bishop  et  al  (1965)  found  that  the  Mohr  envelope  for  re¬ 
moulded  specimens  of  London  Clay  exhibited  a  severe  curvature 
in  the  low  pressure  range,  the  angle  of  internal  friction 
initially  was  21  degrees  but  at  higher  stresses  tended  to 
be  somewhat  less  than  16  degrees. 

Moisture  Migration 

Figure  5.8  illustrates  the  results  of  moisture  contents 

taken  vertically  through  the  centre  of  the  direct  shear  test 

specimens  at  the  completion  of  the  tests.  A  total  of  22 

moisture  contents  were  taken  at  approximately  0.1  inch 

intervals  away  from  the  failure  planes.  The  illustrations 

indicated  that  moisture  tended  to  migrate  toward  the  failure 

planes  during  shear.  This  migration  was  severe  for  the  test 

2 

conducted  at  a  normal  pressure  equal  to  0.96  kg/cm  .  This 
test  was  the  only  one  that  exhibited  a  volume  increase 
during  shear  (Fig.  5.5).  For  the  test  at  the  highest  normal 
pressure  the  migration  of  moisture  was  not  severe  and  for 
the  top  failure  plane  there  was  very  little  increase  in 
moisture  content.  There  was  generally  an  overall  increase 
in  moisture  content  over  the  initial  condition  at  the  failure 
plane  in  all  tests.  From  the  diagrams  the  total  thickness 
of  the  zones  of  higher  moisture  content  appeared  to  be 


. 


■ 


I  i  Vf  hftia  ,03i  n  .)■  ’"1;  U  ■*>  •? 


93 


MOISTURE  CONTENT 
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FIGURE  5,8  VERTICAL  MOISTURE  CONTENT  PROFILES 

FOR  DIRECT  SHEAR  TESTS  ON 
LITTLE  SMOKY  CLAY  TILL 
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about  0.5  inches.  By  probing  with  a  spatula,  the  author  found 
a  thickness  of  very  soft  zones  to  be  about  0.2  inches. 

Figure  5.9  illustrates  the  moisture  content  profiles 
along  the  failure  planes  of  the  direct  shear  specimens.  Five 
moisture  contents  were  taken  along  each  failure  plane  at 
locations  shown  in  the  Figure.  The  centre  section  of  the 
shear  box  was  displaced  toward  the  right  side  of  the  Figure 
when  the  test  was  dismantled.  Initial  moisture  contents  were 
obtained  from  the  trimmings  along  horizontal  planes  estimated 
to  be  at  the  same  elevations  as  the  failure  planes.  The 
increase  in  moisture  content  during  the  test  appeared  to  be 
greatest  for  the  smallest  pressure  and  smallest  for  the  highest 
normal  pressure.  Although  the  data  was  not  conclusive,  the 
moisture  contents  were  comparatively  higher  at  the  ends  of 
the  failure  planes  on  the  right  of  the  specimens  or  in  the 
direction  of  shear.  This  was  probably  due  to  a  decrease  in 
normal  stress  in  this  area.  All  the  profiles  certainly 
suggested  non-uniform  shearing  stresses  and/or  non-uniform 
normal  stresses.  The  shear  forces  obtained  in  the  tests  were 
then  a  measure  of  the  average  strength  along  the  failure 
planes . 

The  increase  in  moisture  content  at  the  failure 
plane  in  the  vertical  profiles  of  Figure  5.8  was  the  same  as 
that  for  the  centre  moisture  content  of  the  horizontal 
profiles  in  Figure  5.9.  For  example,  in  the  vertical  profile, 
the  top  failure  plane  for  the  test  at  a  normal  stress  equal 
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2 

to  0.96  kg/cm  had  an  increase  in  moisture  content  of  3.6  per 

cent  and  this  was  equivalent  to  the  increase  in  moisture 

content  in  the  centre  of  the  horizontal  profile.  Although 

only  one  vertical  profile  was  taken,  it  appeared  that  similar 

profiles  would  be  found  if  taken  vertically  anywhere  in  the 

specimen  indicating  a  migration  of  moisture  throughout. 

The  increase  in  moisture  content  at  the  failure 

planes  varied  from  zero  for  the  top  failure  plane  at  a  normal 

2 

stress  of  3.08  kg/cm  to  5.1  per  cent  for  the  bottom  failure 

2 

plane  at  a  normal  stress  of  2.1  kg/cm  .  Considering  the  slope 
of  the  log  strength-moisture  content  curves  for  the  undisturbed 
specimens  in  Figure  5.16  the  increase  in  moisture  content  of 
5.1  per  cent  represents  a  decrease  in  strength  equivalent  to 
about  two  log  cycles .  It  was  interesting  to  speculate  if 
unconfined  compression  tests  on  specimens  soaked  to  a  moisture 
content  of  23.4  per  cent  (18.3  per  cent  natural  moisture 
content  plus  5.1  per  cent  )  would  yield  sufficiently  low 
strengths  to  give  a  factor  of  safety  of  unity  for  the  slide 
at  the  bridge  site.  Skempton  (1964)  found  that  moisture 
migrated  toward  the  failure  planes  in  situ  and  that  unconfined 
compression  strengths  for  samples  taken  in  the  zone  of  higher 
moisture  content  immediately  adjacent  to  the  failure  plane 
yielded  a  factor  of  safety  of  1.12  for  the  Jackfield  Slide. 

No  unconfined  compression  tests  were  conducted  at  this 
higher  moisture  content  and  so  the  analysis  could  not  be 


made . 
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In  order  to  determine  the  final  moisture  contents 
of  the  triaxial  specimens  with  reasonable  accuracy,  three 
were  taken  vertically  through  each  specimen.  Three  moisture 
contents  were  certainly  not  conclusive  evidence,  but  the 
profiles  indicated  that  moisture  migrated  toward  the  centre 
for  the  tests  on  undisturbed  specimens  but  migrated  towards 
the  ends  for  the  remoulded  specimens  (Figure  5.10).  In  all 
cases,  the  moisture  content  at  the  centre  of  the  specimen  was 
in  or  very  close  to  the  zone  of  failure.  Olsen  (1960)  found 
similar  results  and  made  the  following  comments: 

a.  "It  will  not  be  possible  to  measure  the  pore 
pressure  in  the  failure  zone  at  the  base  pedestal  unless  the 
shear  stresses  are  applied  slowly  enough  to  allow  this 
migration  to  take  place.  The  concept  that  undrained  tests 
can  be  carried  out  quite  rapidly  if  the  compressibility  of  the 
measuring  system  is  taken  into  account  is  therefore  fallacious . " 

b.  "In  overconsolidated  specimens  the  direction  of 
migration  depends  upon  whether  positive  or  negative  pore  pressures 
are  set  up  during  shear." 

c.  "In  highly  overconsolidated  samples  the  pore  pressures 
at  failure  are  negative  and  moisture  should  migrate  from  the 
ends  of  the  specimen  toward  the  failure  zone . " 

From  the  statements  made  by  Olsen,  it  appeared  that 
the  undisturbed  Little  Smoky  Clay  Till  was  overconsolidated 
and  possibly  heavily  overconsolidated  although  evidence  mentioned 
previously  in  this  Chapter  had  indicated  a  low  preconsolidation 
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load.  If  the  strain  rate  of  0.11  per  cent  per  hour  used  for 
the  tests  on  undisturbed  specimens  was  too  fast  resulting  in 
the  measurement  of  positive  pore  pressures  at  failure,  then 
slower  rates  may  have  the  effect  of  shifting  Mohr  circles  in 
the  direction  of  higher  normal  stress,  decreasing  the  angle 
of  internal  friction. 

From  the  moisture  content  profiles,  it  was  reason¬ 
able  to  conclude  that  dilation  was  occurring  along  the  failure 
plane  for  the  drained  direct  shear  tests.  There  was  also 
some  evidence  that  dilation  took  place  in  the  failure  zones 
for  the  triaxial  undrained  compression  tests.  Yet  in  only 

one  test  did  the  total  volume  of  the  specimen  increase  in 

2 

direct  shear  (normal  stress  =  0.96  kg/cm  )  and  in  only  two 
triaxial  undrained  compression  tests  were  negative  pore  pressures 
measured.  The  author  can  only  suggest  that  deformation  in 
thin  zones  accompanied  by  dilation  can  take  place  while  the 
rest  of  the  specimen  decreases  in  volume.  This  anomaly 
requires  investigating  and  should  be  considered  in  future 
research . 

Mohr  Diagrams 

The  Mohr  circles  and  envelopes  for  the  undisturbed 
triaxial  specimens  are  illustrated  in  Figure  5.11  along 
with  the  Mohr  envelope  previously  obtained  for  the  Little 
Smoky  Clay  Till  (Hardy,  Brooker  and  Curtis,  1962).  The 
failure  criteria  used  for  the  1965  tests  was  tangency  of 
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the  Mohr  envelope  to  the  maximum  deviator  stress  circles. 

The  use  of  the  maximum  principal  stress  ratio  as  a  failure 

criterion  did  not  change  the  position  of  the  Mohr  envelope. 

Due  to  the  fact  that  strengths  changed  very  little  at  low 

2  2 

cell  pressures  of  from  1.18  kg/cm  to  2.2  kg/cm  ,  the  author 

considered  that  a  preconsolidation  load*  of  approximately 
2 

2.2  kg/cm  was  indicated. 


*  Ordinarily,  the  term  preconsolidation  load  refers  to  the 

maximum  load  that  the  soil  has  ever  been  subjected  to  in  its 

history.  For  a  medium  to  heavily  overconsolidated  soil,  the 

value  of  the  preconsolidation  load  may  be  in  the  range  of 

2 

from  20  to  150  kg/cm  which  represents  the  weight  of  glacier 
ice  and/or  sediments  that  covered  the  soil  in  the  past. 
However,  it  is  possible  that  the  results  of  laboratory 
strength  and  consolidation  tests  may  show  a  pseudo-preconsoli¬ 
dation  load  having  a  much  lower  value  than  would  be  indicated 
by  the  geologic  history  of  the  soil.  This  pseudo-preconso¬ 
lidation  load  may  be  equivalent  to  the  in  situ  overburden 
pressure.  In  this  case,  it  is  realized  that  the  use  of  the 
term  preconsolidation  load  as  applied  to  the  lower  value 
(2.2  kg/cm^  for  Little  Smoky  Clay-Till)  is  incorrect. 

Evidence  is  presented  later  in  support  of  a  preconsolidation 
load  of  about  24  kg/cm^  for  Little  Smoky  Clay-Till.  Never¬ 
theless,  the  term  preconsolidation  load  will  be  used  when 

2 

referring  to  the  value  of  2.2  kg/cm  for  Little  Smoky  Clay- 
Till  due  to  the  lack  of  more  suitable  terminology. 
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The  saturated  unit  weight  of  the  Little  Smoky 
Clay-Till  was  133  pounds  per  cubic  foot  and  samples  were 
obtained  at  a  depth  of  about  40  feet.  Since  no  water  table 
was  found  during  the  drilling  of  borehole  3A,  the  in  situ 

2 

effective  stress  at  the  time  of  sampling  was  about  2.7  kg/cm  . 

2 

For  an  in  situ  effective  stress  of  2.2  kg/cm  ,  the  water 
table  would  have  to  be  15  ft  above  the  sample.  This  con¬ 
dition  was  certainly  possible  and  it  then  appeared  that  the 

2 

preconsolidation  load  of  2.2  kg/cm  was  a  reflection  of  the 
effective  overburden  pressure. 

From  Figure  5.11  it  was  evident  that  the  1965 
strengths  were  less  than  those  obtained  previously.  This 
could  have  been  the  result  of  the  following: 

a.  Degree  of  Saturation:  Attempts  were  made  to 
achieve  a  high  degree  of  saturation  in  the  1965  test  program 
by  application  of  back  pressure.  If  this  was  not  done  in 
the  1960  tests,  then  the  higher  degree  of  saturation  could 
lower  the  strengths  (Bishop,  Alpan ,  Blight  and  Donald,  1960). 

b.  Test  Duration:  The  1960  tests  were  conducted 
over  a  duration  of  from  150  to  200  minutes  (Brooker,  1965) 
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whereas  the  average  time  to  failure  for  the  1965  tests  was 
5,000  minutes.  The  longer  duration  may  have  caused  a 
rheological  decrease  in  undrained  strength  (Bishop  and  Henkel, 
1962)  besides  facilitating  the  measurement  of  the  pore 
pressures  in  the  failure  zone  at  failure  which  would  tend  to 
have  a  smaller  positive  value.  Whitman  (1960)  cited  results 
in  which  the  undrained  strength  of  Boston  Blue  Clay  decreased 
12  per  cent  with  a  change  in  strain  rate  from  0.17  per  cent 
per  minute  to  0.001  per  cent  per  minute.  A  similar  relation¬ 
ship  for  the  Little  Smoky  Clay  would  account  for  much  of  the 
strength  difference  observed  in  Figure  5.11. 

If  more  tests  were  conducted  at  lower  cell  pressures 

in  1960,  the  author  was  of  the  opinion  that  a  small  precon- 

2 

solidation  load  of  2.2  kg/cm  would  have  been  obtained  also. 

A  readjustment  of  the  1960  envelope  to  account  for  this  pre¬ 
consolidation  load  would  probably  have  resulted  in  the  over¬ 
all  difference  between  the  1960  and  1965  results  being  much 
reduced . 

The  Mohr  envelope  and  Mohr  circles  for  the  remoulded 
specimens  are  also  at  Figure  5.11.  The  failure  criteria  was 
maximum  deviator  stress.  The  best  fit  line  to  the  three 
Mohr  circles  defined  an  envelope  that  gave  a  negative  cohesion 
intercept.  The  author  then  obtained  the  best  fit  envelope 
that  passed  through  the  origin  of  the  Mohr  diagram  giving 
an  effective  angle  of  internal  friction  of  26.6  degrees. 

The  Mohr  envelopes  for  all  the  strength  tests  con- 
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ducted  are  shown  in  Figure  5.12.  The  strength  envelopes  for 
the  remoulded  and  undisturbed  triaxial  tests  are  those  that 
were  illustrated  in  Figure  5.11.  The  points  representing 
the  direct  shear  results  were  the  average  of  the  stresses 
obtained  from  full  and  no  area  corrections  with  only  the 
piston  friction  correction  applied  to  the  shear  forces 
measured.  The  following  observations  were  made  from  Figure 
5.12  : 

a.  The  peak  strengths  from  the  direct  shear  tests  were 
above  the  Mohr  envelope  representing  the  undisturbed  triaxial 
test  results. 

b.  Although  there  was  some  scatter  in  the  data,  the 

peak  strengths  from  the  direct  shear  test  verified  the  small 

2 

preconsolidation  load  of  2.2  kg/cm  . 

c.  The  best  fit  line  through  the  residual  strengths 
obtained  from  the  direct  shear  box  defined  an  envelope  that 
closely  agreed  with  that  portion  of  the  Mohr  envelope  for 
the  undisturbed  triaxial  tests  that  represented  normal  con¬ 
solidation.  The  residual  angle  of  internal  friction,  <f> ^ 
was  22.6  degrees  and  c’  was  very  close  to  zero. 

d.  The  angle  of  internal  friction  representing  the 
remoulded  strength  tests  was  26.6  degrees  and  was  therefore 
considerably  higher  than  the  residual  angle  <f>^.  The 
remoulded  strengths  were  also  greater  than  the  undisturbed 
strengths  defined  by  the  triaxial  tests. 

In  the  opinion  of  the  author,  the  strain  rate  used 
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in  the  direct  shear  tests  was  too  high.  This  fact  combined 
with  extra  strength  imparted  to  the  specimens  by  surface 
energy  would  probably  account  for  the  higher  peak  strengths 
of  the  direct  shear  tests  as  compared  to  those  obtained 
from  the  triaxial  compression  tests.  Earlier  in  this  chapter, 
reasons  were  given  for  suspecting  that  the  strain  rates  for 
the  direct  shear  tests  were  too  high.  For  specimens  that 
exhibit  negative  pore  pressures  in  the  failure  zone  during 
drained  shear  tests,  which  appeared  to  be  the  case  for  the 
Little  Smoky  Clay  Till,  too  rapid  a  strain  rate  would  have 
resulted  in  too  high  a  strength  (Hvorslev,  1960).  A  correc¬ 
tion  for  surface  energy  could  not  be  applied  to  the  direct 
shear  specimens  since  only  one  test  exhibited  an  overall 

2 

volume  increase  during  shear  (normal  stress  =  0.96  kg/cm  ). 

The  moisture  content  profiles  indicated  that  dilation  was 
occurring  and  the  work  done  due  to  expansion  in  the  failure 
zone  would  no  doubt  have  resulted  in  additional  shearing 
resistance  (Hvorslev,  1960;  Wroth,  1958). 

There  was  good  agreement  between  the  residual 

strength  and  the  normally  consolidated  portion  of  the  peak 

strength  envelope.  At  test  pressures  less  than  the  precon- 

2 

solidation  load  of  2.2  kg/cm  ,  there  was  a  considerable 
drop  from  the  peak  to  residual  strength  which  conformed 
with  the  theory  outlined  in  Chapter  2 .  It  would  be  reasonable 
to  expect  the  residual  strengths  to  be  representative,  since 
drainage  must  have  been  fairly  complete  as  indicated  by  the 


, 
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volume  changes  in  Figure  5.3,  5.4  and  5.5,  which  were  compara¬ 
tively  small  at  the  ultimate  strength  portion  of  the  stress- 
deflection  curves. 

It  was  previously  mentioned  that  the  high  positive 
pore  pressures  developed  by  the  remoulded  specimens  in  shear 
would  cause  a  "prestress"  and  higher  strengths.  The  results 
confirmed  this.  The  author  initially  thought  that  the  test¬ 
ing  of  remoulded  specimens  (normally  consolidated  from  a 
slurry)  would  provide  a  convenient  method  of  determining  the 
residual  angle  of  internal  friction  rather  than  conducting 
direct  shear  tests  out  to  large  strains.  Unless  a  more  suitable 
procedure  for  producing  remoulded  specimens  is  obtained, 
this  method  is  unsatisfactory  since  evidence  has  shown  that 
the  difference  between  the  remoulded  and  residual  angles 
of  internal  friction  in  the  low  pressure  range  is  large.  The 
remoulded  friction  angle  was  4  degrees  higher  than  the 
residual  angle  and  for  London  Clay,  the  remoulded  angle  was 
4.9  degrees  higher  (Bishop  et  al ,  1965). 

An  estimate  of  the  measurement  errors  involved  in  the 
determination  of  the  residual,  remoulded  and  peak  angles  of 
internal  friction  are  summarized  in  Table  5.5.  In  Table  5.6, 
the  effect  of  the  errors  in  Table  5.5  is  illustrated  by  the 
range  of  internal  friction  obtained.  The  errors  were  the 
worst  possible  combination  of  those  given  in  Table  4.1  for  the 
direct  shear  box,  except  for  the  piston  friction  correction, 
which  had  already  been  applied.  The  variation  in  the  friction 
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angles,  due  to  measurement  errors,  was  insufficient  to  explain 
discrepancies  between  the  remoulded  and  undisturbed  peak 
triaxial  results,  nor  did  it  account  for  the  high  peak  direct 
shear  values.  The  measurement  errors  may  have  accounted  for 
the  differences  observed  between  the  undisturbed  peak  triaxial 
and  direct  shear  residual  strengths.  The  measurement  errors 
for  the  triaxial  tests  did  not  include  piston  friction  or 
membrane  stiffness,  but  the  author  felt  that  piston  friction 
would  be  low  since  rotating  bushings  were  used  and  membrane 
stiffness  would  not  be  sufficiently  high  to  explain  the 
discrepancies  mentioned. 


Table  5  .  5 


MEASUREMENT  ERRORS  STRENGTH  TESTS 


Direct  Shear  Tests 


Stress 


Error  £rom  True 
kg/cni  Below 


Error  From  True 
kg/cm2  Above 


Normal  Pressure 


-  0 .013 

-  0 . 045 


+  0 .013 


Shear  Stress 


+  0.037 


Triaxial  Tests 


Deviator  Stress 
Pore  Pressure 
Cell  Pressure 


0 .06 


0  .  01 


0  .03 


+  0.01 


+  0.03 


+  0.06 
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TABLE  5.6 

VARIATION  IN  ANGLE  OF  INTERNAL  FRICTION 
DUE  TO  MEASUREMENT  ERRORS 


Minimum 

True 

Maximum 

Direct  Shear  Test  -  Residual 

21°  35 ’ 

22° 36  ' 

2 3°  3 5  ’ 

Triaxial 

Undisturbed 

21° 14 1 

21°  30  ’ 

22° 5  ’ 

Triaxial 

Remoulded 

2 5°  32  ’ 

26°  36  ' 

2  8° 18 1 

The  peak  strength 

equation  for 

the  Little 

Smoky 

Clay  Till  could  be  represented  by  the  Krey-Tiedemann  equation, 

t  =  2.2  tan  17.6°+  aT  tan  5°  The  residual  strength  equation 

was  t  =  a’  tan  22.6°.  Due  to  the  fact  that  the  preconsoli- 

o 

dation  load  of  2.2  kg/cm  appeared  to  be  caused  by  the  in 
situ  effective  stress,  the  overconsolidated  peak  strength 
envelope  could  not  be  considered  representative  of  the  in 
situ  strength.  In  other  words,  at  lesser  depths,  the  en¬ 
velope  representing  overconsolidation  would  be  shifted  down¬ 
ward  on  the  Mohr  diagram  and  in  situ  strengths  would  follow 
the  normally  consolidated  strength  envelope.  It  may  be 
assumed  then  that  there  was  no  difference  between  the  peak 
and  residual  strengths  and  that  the  strength  equation  for 
both  was  t  =  o'  tan  22.6°. 
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Residual  Strength  and  Structure 

.  .  9 

The  relationships  between  4>  and  the  per  cent  finer 
than  two  microns  as  proposed  by  Skempton  (1964)  is  illu¬ 
strated  in  Figure  5.13  with  the  Little  Smoky  result  plotted. 

The  other  points  represented  case  histories  presented  by 
Skempton  which  formed  a  curving  band  of  values  from  sands 
to  the  ultimate  strength  of  chlorite,  talc  and  biotite 
minerals.  The  Little  Smoky  point  plotted  slightly  high, 
but  generally  conformed  to  the  relationship.  For  information. 
Bear  Paw  Shale  was  also  plotted  using  the  angle  of  internal 
friction  representing  the  strength  for  a  factor  of  safety 
of  unity  as  found  by  Ringheim  (1964).  The  two  Canadian  soils 
followed  the  trend  in  Figure  5.13  and  the  results  agreed 
with  the  hypothesis  that  larger  percentages  of  coarser 
sizes  influenced  the  residual  angle  of  internal  friction 
by  preventing  to  some  degree  the  orientation  of  clay  particles. 

In  order  to  investigate  further  the  type  of 
structure  immediately  adjacent  to  the  failure  planes  in  the 
direct  shear  tests ,  thin  sections  were  made  of  specimens 
taken  vertically  and  including  the  failure  planes.  The 
procedure  for  producing  the  thin  sections  is  at  Appendix  C. 

Each  thin  section  was  rotated  in  plane  polarized  light 
under  a  microscope.  If  parallel  orientation  existed,  the 
light  coming  through  the  specimen  would  change  in  intensity  , 
Figures  5.14  and  5.15  are  presentative  of  thin  sections  for 
the  direct  shear  specimens .  The  photographs  were  made 
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FIGURE  5.13  DECREASE  IN  (f>'r  WITH  INCREASING  CLAY 

FRACTION  [  AFTER  SKEMPTON,  1964] 


. 

Ill 


through  a  microscope  at  a  low  power  of  ten  but  the  results 
were  found  to  be  no  different  at  higher  powers.  As  an  indi¬ 
cation  of  the  magnification,  the  larger  equidimensional  grains 
are  coarse  silt  to  medium  sand  sizes.  The  two  photographs 
in  each  figure  cover  the  same  field  but  one  was  taken  with 
the  section  rotated  45  degrees  with  respect  to  the  other. 

The  following  observations  were  made  from  the  thin 

sections : 

a.  Little  Smoky  Clay  Till  contained  a  comparatively 
high  percentage  of  coarse  sizes  embedded  in  a  clay  matrix. 

b.  Although  it  was  not  too  obvious  from  the  low 
power  used  in  the  photographs,  the  failure  planes  moved 
around  the  coarser  grains . 

c.  The  two  photographs  in  Figure  5.14  and  5.15  indicated 
that  the  light  intensity  around  the  failure  planes  changed 
slightly  with  rotation.  In  Figure  5.14  rotation  darkened  an 
elongated  area  parallel  to  but  at  approximately  0 , 5  mm  away 
from  the  failure  plane.  In  one  of  the  photos  in  Figure  5.15, 

a  darkened  band  about  the  failure  plane  could  be  observed 
and  it  had  a  thickness  of  about  1  mm. 

The  reorientation  of  the  clay  particles  adjacent 
to  the  failure  plane  was  very  slight  (Lerbekmo,  1965). 
Reorientation  was  prevented  by  the  coarser  sizes  but  it  could 
also  be  stated  that  the  effect  of  the  coarser  sizes  in  creat¬ 
ing  a  non-linear  failure  plane  would  increase  strength.  The 

i 

thin  sections  supported  the  relationship  between  <f>^  and  the 
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percentage  of  clay  sizes  and  it  may  also  be  concluded  that 
tills  may  always  exhibit  comparatively  high  residual  angles 
of  internal  friction  since  they  contain  large  percentages 
of  coarse  sizes. 

The  thin  sections  indicated  a  very  narrow  zone  of 
deformation  in  the  order  of  1  mm  in  thickness.  This  was  some¬ 
what  smaller  than  previous  estimates  (0.2  to  0.5  inches). 
Nevertheless,  the  assumption  that  the  full  height  of  the 
specimen  deformed  in  shear  was  not  entirely  valid  and  the 
time  to  failure  calculated  from  the  formula  developed  by 
Gibson  and  Henkel  (1954)  likely  overestimated  the  time  required 
for  full  drainage  to  occur.  This  conclusion  did  not  agree 
with  the  results  which  showed  that  the  peak  direct  shear 
strengths  were  high.  The  author  could  not  explain  this  anomaly 
principally  because  existing  knowledge  of  narrow  deformation 
zones,  dilation  and  test  rates  is  limited  and  requires  a  more 
detailed  investigation. 

Moisture  Content  and  Strength 

In  Figure  5.16  strengths  are  plotted  in  the  form 
of  maximum  deviator  stress  versus  final  moisture  content  for 
the  triaxial  tests,  residual  strength  versus  final  moisture 
content,  and  peak  direct  shear  strengths  versus  consolidation 
moisture  content.  The  direct  shear  peak  strength  line  was 
situated  to  the  left  and  below  that  defined  by  the  triaxial 
tests  since  the  direct  shear  values  were  approximately  one- 
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FIGURE  5.16.  MOISTURE  CONTENT  VS.  LOG  STRENGTH 

FOR  LITTLE  SMOKY  CLAY  TILL 
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half  of  the  deviator  stress  and  the  moisture  contents  at 
failure  were  probably  higher  than  the  consolidation  moisture 
content  if  some  moisture  migration  took  place  prior  to 
failure . 

The  strength  lines  for  the  undisturbed  strengths 
appeared  to  be  parallel  to  each  other.  This  was  not  expected 
for  the  direct  shear  residual  and  the  peak  triaxial  compres¬ 
sion  lines,  unless  it  was  assumed  that  both  had  similar  struc¬ 
tures  at  failure.  This  may  have  been  the  case,  since  heavy 
particle  reorientation  was  not  evident  at  the  residual  strength 
and  the  orientation  existing  at  failure  was  probably  not  much 
different  for  both  types  of  test. 

Some  scatter  in  points  occurred  at  a  moisture 
content  of  18.5  per  cent  for  the  undisturbed  triaxial  tests 
and  the  strength  line  tended  to  curve  upward.  This  apparently 

represented  the  overconsolidation  characteristics  observed 

2 

at  effective  stresses  less  than  2.2  kg/cm  .  For  moisture 

contents  less  than  18.5  per  cent,  the  strength  changed  by 
2 

3.2  kg/cm  for  a  moisture  content  change  of  0.5  per  cent, 

whereas  for  moisture  contents  higher  than  18.5  per  cent  the 

2 

strength  change  was  about  0.11  kg/cm  . 

If  the  strengths  at  moisture  contents  less  than 
18.5  per  cent  represented  the  normally  consolidated  slate, 
then  it  would  be  expected  that  this  portion  of  the  peak 
triaxial  strength  line  would  have  been  parallel  to  the 
strength  line  for  the  remoulded  specimens  (normally  consoli- 


117 


dated  from  a  slurry).  In  order  to  explain  this  apparent  anomaly, 
it  was  necessary  to  investigate  the  consolidation  characteristics 
of  the  Little  Smoky  Clay  Till  (Figure  5.17).  In  this  Figure, 
the  moisture  contents  at  the  end  of  consolidation  were  plotted 
against  the  logarithm  of  consolidation  pressure  for  all  tri- 
axial  tests  and  one  oedometer  test.  The  relative  positions 
of  the  remoulded  and  undisturbed  triaxial  consolidation  curves 
indicated  that  in  the  undisturbed  state  all  specimens  had  been 
overconsolidated.  The  intersection  of  the  remoulded  and  un¬ 
disturbed  consolidation  curves  gave  some  indication  of  the 

2 

geological  prestress  which  was  approximately  24  kg/cm  at  a 

moisture  content  of  13.4  per  cent  (Bishop,  Webb  and  Lewin,  1965). 

This  value  would  in  all  probability  not  be  obtained  in  an 

oedometer  test  since  triaxial  consolidation  with  no  lateral 

yield  was  not  undertaken  but  the  indication  of  a  prestress 

2 

much  higher  than  2.2  kg/cm  was  evident.  It  would  also  be 

observed  from  the  undisturbed  triaxial  consolidation  curve, 

2 

that  a  sharp  curvature  occurred  at  2.2  kg/cm  ,  the  value  of 
the  lower  preconsolidation  load. 

The  stress  path  plots  also  exhibited  the  character¬ 
istic  curvature  of  overconsolidation  for  the  undisturbed 
specimens  at  all  test  pressures.  The  Modified  Mohr  diagram 
at  Figure  5.18  showed  that  the  stress  path  plots  curved  in 
the  direction  of  higher  effective  stress.  For  comparison, 
the  stress  path  plots  for  the  normally  consolidated  remoulded 
specimens  (Figure  5.19)  curved  to  the  left  or  in  the  direction 
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of  decreasing  effective  stress.  A  Rendulic  diagram  for  the 

undisturbed  specimens  at  Figure  5.20  also  exhibited  stress 

paths  that  curved  in  the  direction  of  increasing  effective 

axial  and  radial  stresses.  It  was  then  evident  that  Little 

Smoky  Clay  Till  had  been  preconsolidated  under  a  stress  con- 

2 

siderably  higher  than  2.2  kg/cm  m  its  geologic  history. 

It  has  previously  been  reported  that  the  supposedly 

heavily  overconsolidated  clays  of  the  Edmonton  formation 

exhibited  a  low  preconsolidation  load  (Painter,  1965).  For 

example,  the  preconsolidation  load  determined  from  strength 

2 

tests  on  the  Dark  Brown  Clay  Shale  was  m  order  of  7  kg/cm 
(from  the  Modified  Mohr  diagram).  As  a  sidelight  of 
Painter's  work,  this  author  estimated  that  the  normally  con¬ 
solidated  angles  of  internal  friction  for  Bentonite, 
Bentonitic  Clay  Shale  and  the  Dark  Brown  Clay  Shale  of 
the  Edmonton  formation  had  values  between  17  and  19  degrees 
which  may  represent  the  residual  strength  for  these  soil 
types . 

It  was  possible  that  Little  Smoky  Clay  Till  was 

never  subjected  to  a  high  prestress  in  the  past.  Henderson 

(1958)  mentioned  that  5,000  ft.  of  ice  covered  the  Middle 

Till  formation  but  the  last  readvance  in  which  the  Upper 

Till  was  deposited  was  only  a  "few  hundred  feet"  thick. 

It  was  previously  indicated  that  the  Little  Smoky  Clay  Till 

appeared  to  be  the  Upper  Till  formation.  A  prestress  higher 

2 

than  2.2  kg/cm  was  then  feasible  from  a  geological  viewpoint 
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FIGURE  5.20  RENDULIC  DIAGRAM  FOR  TRIAXIAL 
UNDRAINED  COMPRESSION  TESTS 
ON  UNDISTURBED  LITTLE  SMOKY 
CLAY  TILL 
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2 

and  the  value  of  24  kg/cm  ,  although  higher  than  the  estimated 
weight  of  ice  that  covered  the  Upper  Till,  was  not  unreason¬ 
able  . 

The  literature  provided  one  reason  for  the  disap¬ 
pearance  of  cohesion  in  natural  slopes  over  the  long  term. 

This  was  due  to  the  softening  action  of  seepage  into  cracks 
and  fissures  (Terzaghi  1936,  Skempton  1964).  However,  it 
was  noted  previously  that  Little  Smoky  Clay  Till  exhibited 
very  little  fissuring  or  jointing  and  the  loss  of  cohesion 
by  this  method  appeared  to  be  improbable. 

The  author  attributed  the  apparent  loss  of  the 
effects  of  overconsolidation  in  the  Little  Smoky  Clay  Till 
to  the  following: 

a.  A  high  degree  of  rebound  after  the  recession  of 
the  glaciers  which  greatly  increased  particle  spacing  and 
decreased  the  effect  of  the  intrinsic  attractive  forces; 

b.  the  Calcium  Cation,  although  not  normally  asso¬ 
ciated  with  high  repulsive  forces,  has  given  comparatively 
low  strengths  on  an  effective  stress  basis  (Dahlman,  1965); 

c.  leeching  of  the  free  salts  during  rebound  which 
increased  the  repulsive  forces; 

d.  the  high  net  negative  charge  in  comparison  to 
particle  mass  as  exhibited  by  the  Montmorillonite  clay 
mineral . 

With  respect  to  the  type  of  adsorbed  cation,  it 
was  interesting  to  note  from  the  literature  that  the 
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potassium  cation  gave  high  strength  (Dahlman,  1965)  and  also 
created  a  comparatively  high  degree  of  fissuring  due  to  its 
polarizability  (Rosenqvist,  1955).  Although  speculative, 
this  may  be  the  reason  for  London  Clay  being  fissured  but 
retaining  the  effects  of  its  preconsolidation  load  with 
regard  to  shear  strength.  The  picture  then  is  one  of  high 
strength  in  intact  chunks  of  the  potassium  clay  but  low 
strength  equivalent  to  the  residual  value  along  the  softened 
fissures.  The  type  of  cation  may  then  be  an  important  factor 
with  respect  to  the  degree  of  rebound  over  the  long  term, 
the  accompanying  degree  of  strength  loss  and  the  develop¬ 
ment  of  joints,  fissures  and  cracks.  Research  on  the  physical 
chemical  aspects  of  consolidation  and  strength  of  overconsol¬ 
idated  clays  may  shed  more  light  on  this  problem. 

Lastly,  with  respect  to  the  lower  preconsolidation 
2 

load  of  2.2  kg/cm  (approximately  equivalent  to  the  in 

situ  overburden  pressure),  it  was  observed  that  this  low 

prestress  had  a  substantial  effect  in  creating  additional 

strength.  The  author  suggests  that  the  Little  Smoky  Clay 

Till  had  a  degree  of  structure  in  its  undisturbed  state. 

Interparticle  bonds  may  have  been  formed  by  carbonate 

cementation  and  these  provided  additional  shearing  resistance 

2 

at  test  pressures  less  than  2.2  kg/cm  .  The  possibility  of 
interparticle  cementation  existing  in  the  till  was  supported 
by  the  following  experimental  evidence : 

a.  Values  of  greater  than  zero  for  tests  on 
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2 

undisturbed  specimens  at  pressures  greater  than  2.2  kg/cm  . 
According  to  Denissov  (1965),  overconsolidated  clays  having 
values  of  between  zero  and  1.0  are  underconsolidated  due 
to  cementation  between  particles.  It  could  be  said  that 
triaxial  consolidation  destroyed  the  bonds, setting  up  con¬ 
ditions  for  excess  positive  pore  pressures  during  shear. 

b.  The  comparatively  sharp  break  in  the  stress-strain 

2 

curves  for  tests  at  pressures  less  than  2.2  kg/cm 
(Figure  5.6).  For  these  tests,  the  bonds  were  not  destroyed 
during  the  consolidation  phase,  but  as  evidenced  by  the 
break  in  curvature,  were  destroyed  during  shear  after  sub¬ 
stantially  high  strengths  were  mobilized.  It  should  also 
be  noted  that  the  pore  pressure  increased  abruptly  at  the 
break  in  the  stress  strain  curve  for  one  test  (Figure  5.6). 

c.  The  values  of  that  exceeded  unity  for  two  of 
the  three  triaxial  tests  on  remoulded  specimens .  During 
the  formation  of  these  specimens  (consolidation  from  a 
moisture  content  exceeding  the  liquid  limit),  inter¬ 
particle  bonds  were  developed  to  some  degree.  In  shear, 
pore  pressure  exceeded  the  applied  deviator  stress ,  a 
condition  which  is  a  characteristic  of  an  underconsolidated 
soil  (Denissov,  1965).  It  was  surprising  that  cementation 
could  develop  in  the  short  period  of  time  for  the  forma¬ 
tion  of  the  remoulded  specimens  but  there  was  an  indication 
that  such  bonding  could  develop  in  the  Little  Smoky  Clay 
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Summary 

The  soil  properties  and  the  strength  characteristics 
of  a  clay  till  of  medium  plasticity  were  detailed  in  this 
chapter.  It  was  found  that: 

a.  The  clay  in  the  till  was  calcium  -  montmorillonite 
and  that  a  comparatively  high  degree  of  swell  and  rebound 
was  exhibited  by  this  soil  type; 

b.  the  direct  shear  box  method  of  determining  the 
residual  strength  was  not  entirely  satisfactory  due  to  the 
effect  of  stress  reversals  and  the  inability  to  determine 
the  correct  area  to  calculate  stresses. 

c.  The  time  to  failure  to  ensure  a  fully  drained 
test  in  the  direct  shear  box  must  be  determined  by  means  of 
a  trial  and  error  procedure. 

d.  In  the  drained  direct  shear  tests  volumes  decreased 

2 

in  shear  except  for  one  test  at  a  normal  stress  of  0.96  kg/cm  . 

Pore  pressures  at  failure  in  the  undrained  triaxial  tests 

were  positive  except  for  two  tests  at  cell  pressures  of 

2 

1.18  and  1.4  kg/cm  . 

e.  Dilation  appeared  to  have  occurred  for  all  tests 
as  indicated  by  the  migration  of  moisture  toward  the  failure 
zones.  This  presented  an  anomaly  since  negative  pore  pres¬ 
sures  were  not  measured  at  the  base  of  the  triaxial  specimens 
except  in  two  tests  and  volumes  decreased  for  all  but  one 
drained  direct  shear  test.  There  was  no  explanation  for 
this  problem  but  it  was  proposed  that  it  was  related  to  the 
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phenomena  of  dilation  and  deformation  in  narrow  zones.  De¬ 
formation  in  narrow  zones  was  indicated  by  thin  sections 
and  moisture  content  profiles  taken  from  direct  shear 
specimens . 

f.  The  peak  strength  parameters  could  be  expressed 

by  the  Krey-Tiedemann  modification  of  the  Mohr-Coulomb 
equation,  t  =  2.2  tan  17.6°+  tan  5°.  The  residual  strength 

equation  was  t  =  o'  tan  22.6°.  The  strength  equation  for 
tests  on  remoulded  specimens  (normally  consolidated  from  a 
slurry)  was  r  =o'  tan  26.6°.  It  was  concluded  that  the 
testing  of  remoulded  specimens  was  not  a  good  method  of 
determining  the  residual  angle  of  internal  friction. 

g.  The  residual  angle  of  internal  friction  obtained 

T 

conformed  with  the  relationship  of  <t>^  versus  the  per  cent 
finer  than  0.002  mm  as  proposed  by  Skempton  (1964).  In 
conjunction  with  this  relationship,  it  was  observed  from 
thin  sections  that  very  little  reorientation  of  clay 
particles  occurred  along  the  failure  planes  at  the  residual 
strength  which  accounted  for  the  comparatively  high  residual 
angle  of  internal  friction  obtained.  It  was  also  observed 
that  there  was  very  little  difference  in  slope  for  the 
moisture  content  -  log  strength  relationships  representing 
the  peak  and  residual  strengths ,  indicating  very  little 
difference  in  structure. 

h.  The  Mohr  envelope  representing  residual  strength 
coincided  with  the  normally  consolidated  portion  of  the  peak 
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strength  envelope  as  postulated  by  Skempton  (1964). 

2 

i.  A  low  preconsolidat ion  load  of  2.2  kg/cm  was  present 
and  this  was  about  the  same  value  as  the  in  situ  effective 
overburden  pressure.  Nevertheless? there  was  additional  evi¬ 
dence  that  the  clayey  till  had  been  subjected  to  a  much 

2 

higher  prestress  in  the  order  of  24  kg/cm  .  The  author 

believed  that  the  explanation  of  this  phenomena  could  be 

obtained  by  a  study  of  the  physical-chemical  characteristics 

of  overconsolidated  cohesive  soils.  The  high  strengths 

2 

at  test  pressures  less  than  2.2  kg/cm  were  likely  due  to 
interparticle  cementation  bonds. 


CHAPTER  6 


STABILITY  ANALYSIS 


Description  of  Site 

The  west  bank  of  the  Little  Smoky  River  at  the 
bridge  site  is  typical  of  many  of  the  river  valleys  found 
in  the  Peace  River  district.  There  is  considerable  evidence 
of  a  great  deal  of  slumping  activity  occurring  in  the  geologic 
past  which  has  resulted  in  the  bank  being  scarred  by  numerous 
old  slide  scarps,  at  the  base  of  which  there  is  usually 
ponded  surface  water.  In  these  ponded  areas,  marsh  grass 
has  grown  and  it  appears  that  this  surficial  water  remains 
throughout  the  year.  In  the  area  of  the  bridge  site,  the 
surface  was  found  to  be  comparatively  dry,  the  only  wet  area 
being  the  creek  that  runs  along  a  fairly  deep  cut  just  south 
of  the  bridge  (Figure  6.1).  There  is  very  little  evidence 
of  a  developing  slide  in  the  vicinity  of  the  pier  and  the 
two  abutments  on  the  west  bank  except  for  a  crack  in  the 
approach  road  150  feet  west  of  abutment  2  and  a  4  dnch  scarp 
recently  observed  50  feet  east  of  pier  1  (Figure  6.2).  Both 
cracks  are  approximately  perpendicular  to  the  bridge  centre 
line  and  the  one  on  the  highway  occurs  periodically,  necessitat¬ 
ing  repairs  to  the  pavement.  The  average  slope  of  the  bank 
in  the  vicinity  of  the  abutments  is  12  degrees. 
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FIGURE  6.1  STEREO  PAIR  OF  LITTLE  SMOKY  BRIDGE  SITE 

[photo  taken  in  1965,  approx,  scale  I  in. =  1000  ft.] 
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Movement 

A  cross-section  and  plan  of  the  bridge  on  the  west 
bank  of  the  Little  Smoky  River,  35  miles  north  of  Valleyview, 
is  shown  in  Figure  6.2.  Pier  1  was  founded  on  20  foot  timber 
piles,  whereas  abutments  1  and  2  were  founded  on  40  foot. 
H-piles.  The  most  noticeable  movements  have  been  observed 
in  pier  1.  Since  1957,  pier  1  has  moved  50.4  inches  in  a 
longitudinal  direction  towards  the  river,  22.8  inches  verti¬ 
cally  downward,  and  11  inches  upstream  in  a  southerly  direc¬ 
tion.  Corrective  action  has  consisted  of  extending  the  con¬ 
crete  cap  of  the  pier  toward  the  river  and  building  it  up  to 
correct  for  the  vertical  movement.  In  1958,  the  ponds  up 
the  slope  were  drained  into  the  river  by  trenches  and  the 
movements  of  the  pier  decreased.  In  the  early  part  of  May 
1965,  there  was  an  extended  period  of  heavy  rainfall.  Sub¬ 
sequent  to  the  rainfall,  the  rate  of  movement  of  pier  1 
increased  considerably  and  the  pier  moved  6.5  inches  longi¬ 
tudinally  from  May  to  September.  A  graph  illustrating  this 
movement  is  at  Figure  6.4. 

No  definitive  records  are  available  for  the  move¬ 
ment  of  the  two  abutments  on  the  west  bank,  but  during  the 
period  following  the  heavy  rains  in  the  spring  of  1965, 
abutment  1  moved  0.75  inches  in  a  longitudinal  direction. 

No  records  have  been  maintained  for  the  movements  of  the 
first  pier  in  the  river,  although  expansion  joints  throughout 
the  full  length  of  the  bridge  have  narrowed  indicating  either 
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movement  in  this  pier,  which  has  fixed  connections  or  move¬ 
ment  on  the  east  bank. 

Assumptions 

The  following  assumptions  were  made  prior  to  under¬ 
taking  a  stability  analysis: 

a.  Homogeneous  and  isotropic  soil  conditions  were 
assumed  to  exist  throughout  the  bank. 

b.  For  the  circular  arc  analyses  attempted,  pore 
pressures  were  assumed  to  be  equivalent  to  the  vertical 
distance  from  the  arcs  to  the  phreatic  surface,  extrapolated 
from  the  maximum  elevations  of  water  levels  observed  in  the 
probe  wells.  Elevations  as  observed  at  the  end  of  October 
1960,  and  about  one  month  later  for  boreholes  1,  IB,  2  and  3 
along  the  A.R.C.  cutline  are  given  in  Table  6.1.  The  location 
of  these  boreholes  is  shown  in  Figure  6.5.  Water  levels 
observed  in  piezometric  installations  are  also  shown  in  the 
Table . 

c.  The  Saskatchewan  Sands  and  Gravels  were  assumed 
to  exist  at  the  site  and  their  elevation  was  assumed  to  be 
at  1550  feet. 

d.  The  peak  strength  for  the  Little  Smoky  Clay  Till 
could  be  represented  by  the  Krey  -  Tiedemann  equation 

T 

t  =  2.2  tan  17.6°  +  tan  5°  .  The  residual  strength 
equation  was  x  =  o'  tan  22.6°.  Residual  strength  was  assumed 
to  be  applicable  for  it  will  be  shown  later  that  the  movements 
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now  occurring  were  the  result  of  sliding  along  old  slip 
surfaces.  The  large  movement  along  old  slip  surfaces  inferred 
the  mobilization  of  residual  strength. 

e.  There  was  no  definite  evidence  that  the  first  pier 
in  the  water  off  the  west  bank  (Figure  6.2)  had  tilted  or 
moved  laterally.  The  toe  of  the  slide  was  then  assumed  to 
be  in  the  river  between  this  pier  and  the  shoreline. 

f.  The  recent  movements  were  the  result  of  previous 
sliding  activity  in  the  area  bounded  by  the  large  circular 
scarp  north-west  of  the  bridge  (Figure  6.1). 

g.  The  type  of  failure  in  the  area  of  the  large 
circular  scarp  was  a  series  of  circular  slips  that  progressed 
back  to  the  existing  scarp. 

h.  The  circular  arc  type  of  analysis  was  therefore 
applicable . 

j .  The  direction  of  movement  was  approximately 
parallel  to  the  A.R.C.  cutline  indicated  in  Figure  6.1. 

Discussion 

The  validity  of  the  assumption  concerning  homogeneous 
and  isotropic  soil  conditions  could  certainly  be  questioned. 
Figure  3.1  indicated  a  rather  heterogeneous  soil  mass  as 
far  as  soil  type  was  concerned.  The  agreement  between  the 
Atterberg  Limits  for  boreholes  IB,  2  and  3A  (Appendix  E) 
was  good  but  the  liquid  limit  for  boreholes  IB  and  2  appeared 
to  be  higher  than  that  for  3A .  The  natural  moisture  contents 
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Location  of  holes  along  A.R.C.  cutline  shown  in  Figure 
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for  boreholes  IB  and  2  were  also  higher,  especially  at  depths 
less  than  30  feet.  It  was  mentioned  in  Chapter  3  that  none 
of  the  boreholes  penetrated  the  till  formation.  Therefore, 
the  variation  in  properties  for  samples  taken  throughout 
the  bank  would  lie  in  the  range  of  characteristics  between 
the  different  tills  found  there.  It  appeared  that  the  Little 
Smoky  Clay  Till  was  the  Upper  Till  due  to  the  large  percent¬ 
age  of  clay  sizes.  This  would  mean  that  the  samples  tested 
would  likely  have  the  lowest  residual  angle  of  internal 
friction  of  all  till  types  in  the  bank  (Figure  5.13). 

In  Table  6.1,  the  Casagrande  piezometer  readings 
were  higher  than  the  water  levels  observed  in  the  same 
borehole  except  for  borehole  1.  This  was  probably  due  to 
the  fact  that  the  observed  water  levels  in  the  boreholes 
did  not  represent  equilibrium  conditions  due  to  the  short 
time  between  readings  (one  month),  or  that  the  piezometer 
tips  were  measuring  artesian  pressures  at  the  depth  installed 
(a  wet  sand  layer  was  observed  at  this  depth  according  to 
Hardy  et  al ,  1962).  In  any  case,  the  author  employed  the 
water  levels  found  in  the  boreholes  to  estimate  the  phreatic 
line  for  the  stability  analyses  using  circular  arcs.  The 
piezometer  observations  were  used  for  an  infinite  slope 
analysis  at  a  depth  of  25  feet  which  closely  conformed  with 
the  depth  of  the  piezometer  tips  in  boreholes  1,  IB  and  2. 

The  assumption  that  pore  pressures  on  circular  arcs  were 
equivalent  to  the  vertical  height  of  water  above  the  arc 
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was  not  conservative  but  this  was  the  best  alternative  to 
a  flow  net. 

The  location  of  the  Saskatchewan  Sands  and  Gravels 
was  discussed  in  some  detail  in  Chapter  3.  The  author 
estimated  that  this  formation  was  not  far  below  the  greatest 
depth  of  boreholes  in  Figure  3.1,  and  as  a  result  established 
their  elevation  at  1550  feet.  This  should  be  verified  at 
a  future  date  by  drilling  one  deep  hole  in  the  vicinity  of 
borehole  2 . 

One  important  point  with  regard  to  the  movements 
occurring  in  the  area  bounded  by  the  large  circular  scarp 
north-west  of  the  bridge  (Figure  6.1)  was  the  amount  of 
material  that  had  been  removed.  The  large  circular  scarp 
has  a  diameter  of  about  2900  feet  (scale  1  in  =  1000  ft)  and 
the  existing  ground  surface  varied  from  zero  to  300  feet 
below  the  top  of  the  valley  slopes.  At  least  10  million 
cubic  yards  of  material  has  moved  but  there  was  no  evidence 
of  its  present  location  in  Figure  6.1.  The  material  must 
have  been  removed  by  the  river  which  inferred  a  comparatively 
slow  movement  of  sliding  material  toward  the  river  in  the 
past . 

A  cross-section  of  the  entire  slope  taken  through 
the  A.R.C.  cutline  is  at  Figure  6.5.  The  dashed  line 
represents  the  author's  estimate  of  the  slope  profile 
before  slumping  activity  had  started.  From  this  profile, 
it  was  difficult  to  envisage  a  large  circular  slide  develop- 
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ing  with  a  scarp  at  chainage  20+00  and  the  toe  at  chainage 
0+00.  Such  a  failure  would  more  than  likely  have  taken  the 
form  of  a  sliding  block  due  to  the  depth  restrictions  im- 
posed  by  the  sands  and  gravels  estimated  to  be  at  elevation 
1550  feet.  Neither  did  an  infinite  slope  type  of  failure 
provide  a  satisfactory  description  of  the  movements  in  this 
profile.  A  more  suitable  explanation  of  failure  was  a 
succession  of  toe  circles  commencing  at  the  face  of  the  old 
profile.  The  sketch  in  Figure  6.3  diagrammatically  outlines 
the  type  of  failure  that  probably  occurred.  The  slide, 
numbered  (1),  occurred  first  but  movement  was  slow.  Erosion 
by  the  river  had  time  to  remove  much  of  the  material  involved 
in  this  slip  before  slide  (2)  commenced.  In  succession  then, 
slide  (2)  occurred  and  after  erosion  and  further  movement 
slide  (3)  occurred  and  so  on.  Such  a  succession  of  failures 
would  have  resulted  in  the  existing  profile  which  in  effect 
was  a  series  of  scarps  and  slumped  material.  Old  scarps  are 
indicated  in  Figure  6.5  and  these  can  be  matched  with  scarps 
along  the  A.R.C.  cutline  in  the  stereo  pair  at  Figure  6.1. 

It  was  also  evident  that  due  to  the  meander  in  the  river, 
the  west  bank  at  the  bridge  site  was  being  eroded  rather 
severely.  This  meander  appeared  to  be  moving  in  a  westerly 
direction.  The  east  bank  was  relatively  stable  since  erosion 
was  not  taking  place  along  this  shoreline. 

The  direction  of  the  movement  was  difficult  to 
determine.  In  the  author's  opinion  the  centre  line  of  the 
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movement  was  approximately  parallel  to  the  A.R.C.  outline 
(Figure  6.1).  The  toe  of  the  slide  would  then  have  extended 
from  about  the  bridge  centre  line  to  a  point  approximately 
500  feet  north  along  the  shoreline.  This  inferred  that 
abutments  1  and  2  and  pier  1  were  positioned  on  the  southern 
edge  of  the  mass  in  motion.  The  combination  of  lateral  and 
horizontal  movement  observed  in  pier  1  approximately  coincided 
with  the  direction  of  the  A.R.C.  cutline.  Slope  stakes  have 
recently  been  installed  by  the  Department  of  Highways  of 
Alberta  to  determine  the  direction  of  movement. 

Stability  Analyses 

From  the  analysis  mentioned  concerning  the  slumping 
activity  that  had  occurred  in  the  past,  the  author  felt  that 
a  stability  analysis  should  be  made  on  the  old  profile.  The 
elevation  of  the  top  of  the  valley  slope  was  considered  to 
be  at  1895  feet  with  the  river  level  at  1570  feet  approxi¬ 
mately  (Figure  6.5).  The  average  slope  of  the  old  scarps 
observed  in  Figure  6.5  was  somewhere  between  21  and  22  degrees. 
After  slide  (1)  occurred  in  Figure  6.3,  it  was  probable 
that  the  face  of  the  remaining  embankment  was  at  this  angle. 
The  analysis  was  then  made  for  an  embankment  height  of 
325  feet  (1895  -  1570)  having  a  slope  of  21.5  degrees  with 
the  ground  water  about  65  feet  below  the  surface  which  was 
the  elevation  observed  in  borehole  6,  drilled  at  the  top 
of  the  valley  slope  (Appendix  E) .  Two  trials  for  toe 
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circles  using  the  Swedish  slices  method  gave  factors  of 
safety  of  0.6  and  1.03.  The  height  used  for  the  embankment 
analyzed  was  likely  the  maximum  that  ever  occurred.  It 
was  also  possible  that  the  residual  strength  parameters 
were  not  representative  of  the  strength  existing  when  failure 
occurred  many  years  ago  but  were  too  low.  However,  the  low 
factor  of  safety  of  0.6  indicated  that  it  was  still  possible 
to  have  such  a  failure  for  an  embankment  having  a  smaller 
height  and  for  conditions  of  higher  mobilized  strength. 

Two  circular  slips  were  analyzed  in  the  vicinity 
of  pier  1  and  the  two  abutments  using  the  Swedish  slices 
method.  The  results  were: 

a.  Factor  of  Safety  -  1.06:  scarp  50  feet  east  of 
pier  1  as  observed,  toe  in  the  river  between  the  shoreline 
and  the  first  pier  in  the  water  (Figure  6.2),  pore  pressures 
estimated  from  waterlevels  observed  in  borehole  1. 

b.  Factor  of  Safety  =  1.24:  scarp  in  highway  150  feet 
west  of  abutment  2  as  observed,  toe  in  river  between  shore¬ 
line  and  the  first  pier  in  the  water  (Figure  6.2),  pore 
pressures  estimated  from  water  levels  in  boreholes  1  and  2 . 

c.  Factor  of  Safety  =  1.04:  same  failure  as 
detailed  in  sub-paragraph  b.  except  piezometric  profile 
coincided  with  the  ground  surface. 

These  failures  were  analyzed  using  the  existing 
profile.  If  these  were  old  slips  it  may  have  been  better 
to  undertake  the  analysis  using  the  profile  prior  to  failure. 
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Reconstruction  of  this  profile  would  have  resulted  in  an 
increase  in  the  activating  forces  and  the  factor  of  safety 
would  have  been  lower.  Also,  as  the  slide  closest  to  the 
shoreline  continues  to  move,  the  toe  of  the  large  slide 
that  passes  under  pier  1  and  the  two  abutments  will  be 
gradually  unloaded  precipitating  more  movement  along  this 
slip  surface. 

An  infinite  slope  analysis  was  undertaken  for  a 
12  degree  slope  with  the  failure  plane  at  a  depth  of  25  feet. 
This  analysis  was  made  previously  by  Hardy  et  al  (1962). 

A  factor  of  safety  of  unity  was  obtained  with  the  piezometric 
profile  26  feet  above  the  failure  plane.  It  can  be  seen 
from  Table  6.1  that  the  required  pore  pressures  were  never 
measured  in  the  piezometer  installations.  However,  the 
available  evidence  indicated  that  this  type  of  failure  was 
not  likely  occurring. 

Pore  Pressure 

The  author  was  of  the  opinion  that  fairly  high 
pore  pressures  were  developed  in  the  slope.  The  reasons 
were : 

a.  Very  soon  after  heavy  rains,  the  rate  of  movement 
of  pier  1  increased  considerably  as  illustrated  in  Figure 
6.4.  This  was  indicative  of  a  rapid  increase  in  pore  pressure 
and/or  increased  toe  erosion  by  the  river. 

b.  Ponded  water  has  been  observed  at  the  bases  of 
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various  scarps  within  the  area  of  movement.  In  particular, 
ponds  existed  permanently  along  the  A.R.C.  cutline  in  the 
vicinity  of  boreholes  3  and  5  (Figure  6.5). 

c.  Although  not  investigated,  it  was  believed  that 
artesian  pressures  may  exist  in  the  Saskatchewan  Sands  and 
Gravels.  In  the  opinion  of  the  author,  other  sand  deposits 
in  the  till  formation  were  not  likely  continuous. 

The  slide  analyzed,  that  had  a  factor  of  safety 
equal  to  1.24,  passed  slightly  below  elevation  1550  feet, 
the  estimated  elevation  of  the  Saskatchewan  Sands  and 
Gravels.  It  would  therefore  have  been  affected  by  high  pore 
pressures  in  that  area.  The  assumption  made  concerning 
the  piezometric  profile  that  gave  a  factor  of  safety  of 
1.04  for  the  slide  may  not  have  been  unrealistic.  One  or 
two  piezometers  should  be  installed  in  the  sands  and  gravels 
to  confirm  the  presence  of  arterian  pressures. 

Summary 

The  main  problem  in  connection  with  the  stability 
analysis  of  the  Little  Smoky  slope  was  the  determination  of 
the  type  of  failure.  This  was  difficult  since  no  recent 
large  scale  landslide  had  been  observed.  It  was  then  postulated 
that  failure  of  the  slope  resulted  from  a  succession  of  cir¬ 
cular  slips  that  proceeded  back  from  the  river.  High  pore 
pressures,  toe  erosion  and  the  downward  cutting  action  of 
the  river  initiated  the  slips.  The  movements  observed  in 
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pier  1  and  the  two  abutments  were  therefore  caused  by  con¬ 
tinuous  sliding  activity  along  old  slip  surfaces  in  the 
vicinity  of  the  bridge.  Analysis  of  two  old  slips  under 
the  pier  and  abutments  gave  factors  of  safety  of  1.06  and 
1.24  using  observed  ground  water  conditions.  The  factor  of 
safety  of  1.24  became  1.04  if  the  piezometric  profile  was 
assumed  to  coincide  with  the  ground  surface.  This  assumption 
appeared  to  be  valid  since  there  was  good  evidence  that  high 
pore  pressures  existed  in  the  slope.  It  could  then  be  con¬ 
cluded  that  the  residual  strength  parameters  (c'  =  0, 

<p^  =  22.6  degrees)  were  representative  of  the  shearing 
resistance  mobilized  in  the  bank. 
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CHAPTER  7 


CONCLUSIONS  AND  RECOMMENDATIONS 

Summary 

In  Chapter  2 ,  a  brief  review  was  made  of  the  current 
strength  relationships  that  were  expected  to  be  found  in  over¬ 
consolidated  clays.  Subsequent  to  this,  the  previous  methods 
used  in  analyzing  slope  stability  in  overconsolidated  clays 
were  described  and  particular  emphasis  was  made  of  the 
apparent  decrease  in  the  shear  strength  of  such  clays  over 
the  long  term.  The  residual  strength  concept  and  related 
theories  were  then  outlined  in  detail  and  a  comment  was  made 
concerning  some  of  the  pertinent  physical-chemical  aspects. 

In  Chapter  3,  the  geology  of  the  Little  Smoky  site  was  in¬ 
vestigated  in  order  to  determine  the  soil  type  that  was 
being  tested.  The  following  chapters  were  then  devoted  to 
a  description  of  the  laboratory  test  apparatus,  and  a  dis¬ 
cussion  of  the  laboratory  results.  A  stability  analysis  was 
then  made  of  the  movements  at  the  bridge  site  on  the  Little 
Smoky  River. 

Geology 

From  the  evidence  presented  in  Chapter  3 ,  which 
dealt  with  the  geology  of  the  Peace  River  district,  it  was 
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concluded  that  samples  taken  from  the  site  could  be  classi¬ 
fied  as  a  clayey  till.  The  complete  profile  of  the  bank  at 
the  bridge  site  was  envisaged  as  being  lacustrine  clays 
overlying  till,  followed  by  Saskatchewan  Sands  and  Gravels 
and  bedrock.  Due  to  the  comparatively  great  depth  of  the 
Sands  and  Gravels  and  bedrock,  it  was  concluded  that  the  seat 
of  the  instability  in  the  bank  was  in  the  till  formation. 

Soil  Properties 

The  Little  Smoky  Clay  Till  was  found  to  be  medium 
to  highly  plastic  having  a  well-graded  grain-size  distribu¬ 
tion.  The  comparatively  large  percentage  of  coarse  grain 
sizes  was  likely  responsible  for  the  high  residual  angle 
of  internal  friction  obtained,  22.6  degrees.  It  was  also 
determined  that  the  predominant  cation  and  clay  mineral  was 
calcium  and  montmorillonite  respectively.  High  swelling 
has  not  previously  been  associated  with  the  calcium  cation 
and  it  was  concluded  that  in  this  case,  swell  was  principally 
due  to  the  hydration  of  the  clay  particles  and  capillary 
effects,  which  make  a  large  contribution  at  low  initial 
moisture  contents . 

Little  Smoky  Clay  Till  was  apparently  subjected 
to  a  much  larger  load  in  its  geologic  past  than  exists  in 
situ  at  the  present  time.  Evidence  in  support  of  this  was 
dilation  in  shear,  low  values  of  ,  the  characteristic 
curvature  of  stress  path  plots,  moisture  content  -  log 
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pressure  relationships,  and  the  geologic  history  of  the  area. 
However,  the  high  strength  expected  to  be  imparted  by  pre¬ 
consolidation  was  absent  and  there  was  a  tendency  for  the 
clay  till  to  act  normally  consolidated  in  shear.  Previous 
work  has  indicated  that  this  may  be  a  characteristic  of 
other  overconsolidated  clays  in  Alberta,  especially  the 
Edmonton  formation.  It  was  suggested  that  the  clay  mineralogy 
and  cation  type  may  be  particularly  responsible  for  this  loss 
of  strength  over  the  long  term  since  cracks  and  fissures, 
which  would  allow  softening  through  seepage,  were  not  a 
feature  of  this  soil  type. 

The  loss  of  the  effects  of  preconsolidation  explained 

the  comparatively  high  values  of  A^.  obtained  in  the  triaxial 

undrained  compression  tests  (all  were  greater  than  zero 

except  for  two  tests).  It  was  also  suggested  that  the  high 

A^  values  indicated  underconsolidation  or  the  presence  of 

cementation  between  particles.  The  high  strength  found  at 

2 

test  pressures  less  than  2.2  kg/cm  was  likely  a  reflection 
of  a  developed  structure  that  had  not  been  broken  down  by 
the  consolidation  phase. 

Moisture  content  profiles  through  triaxial  and 
direct  shear  test  undisturbed  specimens  indicated  dilation 
was  occurring  in  the  failure  zones  or  that  moisture  migrated 
toward  the  failure  zones  during  shear.  However,  negative 
pore  pressures  at  failure  were  not  measured  except  in  the 
case  of  two  undrained  triaxial  compression  tests  and  the 
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overall  specimen  volume  increased  for  only  one  direct  shear 
test.  The  conclusion  could  be  drawn  from  the  triaxial  tests, 
that  the  strain  rate  was  too  high  to  allow  for  the  measure¬ 
ment  of  negative  pore  pressures  at  failure  at  the  base  of 
the  specimens.  Also,  there  was  very  little  deformation  of 
the  undisturbed  triaxial  specimens  prior  to  failure,  which 
supported  this  conclusion.  Therefore,  the  strength  para¬ 
meters  obtained  from  the  triaxial  tests  were  likely  too  high. 
But,  peak  triaxial  and  direct  shear  residual  strengths  agreed 
very  well  and  there  was  no  reason  to  believe  that  the  latter 
did  not  represent  fully  drained  strengths .  This  anomaly  between 
the  observations  of  dilation,  positive  pore  pressures  and 
normally  consolidated  characteristics  could  not  be  explained 
but  appeared  to  be  related  to  strain  rate  and  non-uniform 
deformations,  a  field  in  which  more  research  is  required. 

Residual  Strength 

The  results  indicated  that  the  normally  consolidated 

portion  of  the  peak  strength  Mohr  envelope  (pressures  greater 

2 

than  2.2  kg/cm  ),  as  determined  from  the  triaxial  compression 

tests,  closely  agreed  with  the  envelope  that  represented 

residual  strengths  obtained  from  the  drained  direct  shear 

tests.  The  drop  in  strength  from  the  peak  to  the  residual 

2 

value  at  pressures  less  than  2.2  kg/cm  was  pronounced.  For 
a  soil  type  that  retained  high  strength  as  the  result  of  a 
high  geological  prestress,  the  difference  between  the  peak 
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and  residual  strengths  would  have  greater  significance  and 
the  concept  would  be  more  effective  in  explaining  instability. 
For  the  Little  Smoky  Clay  Till,  however,  overconsolidation 
appeared  to  be  a  reflection  of  the  in  situ  overburden  pres¬ 
sures  and  therefore  peak  and  residual  strengths  were  repre¬ 
sented  by  the  same  parameters,  namely  c'  =0  and  =  2  2.6 
degrees . 

The  comparatively  high  residual  angle  of  internal 
friction  obtained  was  attributed  to  a  large  percentage  of 
coarse  sizes  and  the  lack  of  a  high  degree  of  preferred 
particle  reorientation  as  observed  in  thin  sections. 

It  was  postulated  that  the  mode  of  failure  of 
the  bank  at  the  bridge  site  was  a  series  of  circular  slips 
that  progressed  back  from  the  river  over  a  geologic  time 
period.  These  failures  were  caused  by  the  downward  cutting 
action  of  the  river  into  the  till,  by  bank  erosion,  and  pore 
pressures.  Recent  movements  of  the  bridge  abutments  and 
piers  were  the  result  of  sliding  along  old  slip  surfaces. 

The  mobilized  strength  along  the  slip  surfaces  was  then  the 
residual  strength.  Analyses  undertaken  for  two  old  slips 
gave  factors  of  safety  of  1.06  and  1.24  using  observed  pore 
pressures.  The  factor  of  safety  of  1.24  changed  to  1.04  if 
the  water  table  was  assumed  to  be  at  the  ground  surface. 

The  assumption  of  high  pore  pressures  did  not  seem  unreason¬ 
able  since  the  rate  of  movement  of  pier  1  increased  after 
extended  wet  periods;  ponded  surface  water  of  a  permanent 
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nature  was  in  evidence  throughout  the  bank  and  there  was  a 
possibility  of  artesian  pore  pressures  developing  in  the 
Saskatchewan  Sands  and  Gravels. 

Laboratory  Procedures 

The  following  conclusions  were  made  concerning 
the  test  apparatus  and  procedures  used: 

a.  The  formula  developed  by  Gibson  and  Henkel  (1954) 
for  calculating  the  time  to  failure  in  drained  direct  shear 
tests  was  considered  invalid  since  cb^cv,  deformations 
were  non-uniform  and  shear  and  normal  stresses  were  not 
uniformly  distributed.  The  net  effect  of  these  factors 

was  to  make  the  peak  strengths  obtained  from  the  direct  shear 
tests  higher  than  those  obtained  from  the  triaxial  compres¬ 
sion  tests.  The  residual  strengths  were  considered  satis¬ 
factory  since  there  was  a  greater  time  lapse  before  their 
mobilization  and  stresses  were  close  to  being  effective. 

It  was  concluded  that  a  trial  and  error  procedure  was 
necessary  to  obtain  the  correct  time  to  failure  for  the 
direct  shear  box  if  peak  strengths  are  required. 

b.  The  stress  reversals  used  in  the  direct  shear  box 
procedure  were  not  ideal  since  the  established  trend  between 
shear  stress  and  deflection  was  broken  with  each  reversal. 

The  selection  of  residual  strength  was  therefore  difficult. 
Shear  in  one  direction  only,  if  possible,  was  considered  to 
be  the  best  procedure. 
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c.  The  actual  area  of  the  specimen  subjected  to  shear 
in  the  direct  shear  tests  was  unknown  principally  because 
adhesion  between  the  lips  of  the  shear  box  and  soil  was 
likely  mobilized  to  some  extent.  A  large  range  of  calculated 
residual  shear  stresses  was  possible.  These  varied  from 

the  use  of  the  initial  area  to  the  area  corrected  for 
deflection,  which  was  large  when  the  residual  strength  was 
mobilized.  It  was  then  apparent  that  if  specimens  are  to 
be  sheared  out  to  large  deflections,  the  lips  of  the  shear 
box  should  be  made  as  narrow  as  possible  to  facilitate  the 
determination  of  the  stressed  area. 

d.  It  was  found  that  the  Mohr  strength  envelope,  as 
determined  from  undrained  triaxial  compression  tests  on 
remoulded  specimens ,  normally  consolidated  from  the  liquid 
limit,  had  a  significantly  larger  angle  of  internal  friction 
than  the  residual  strength  envelope.  Therefore,  this  was 

not  a  satisfactory  method  of  determining  the  residual  strength 
parameters  although  there  was  evidence  in  the  literature 
that  better  results  could  be  obtained  in  the  medium  and  high 
pressure  ranges. 

e.  A  comparison  of  the  peak  strength  Mohr  envelopes 
for  undisturbed  specimens  obtained  from  triaxial  undrained 
compression  tests  conducted  in  1962  and  1965  showed  that  a 
lower  strain  rate  reduced  strength  in  terms  of  effective 
stress.  The  contradiction  between  the  positive  pore  pressures 
measured  and  dilation  indicated  that  the  strain  rate  used 
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in  1965  tests  should  have  been  lower  still.  Since  the  con¬ 
solidation  characteristics  indicated  a  test  duration  of 
about  one  working  day,  it  appears  that  this  method  of 
estimating  failure  times  for  stiff  clays  is  not  reliable. 

Recommendations 

The  following  recommendations  have  arisen  as  a 
result  of  this  research: 

a.  There  was  some  question  as  to  whether  the  undisturbed 
direct  shear  and  triaxial  compression  test  results  were  repre¬ 
sentative  due  to  the  likelihood  that  strain  rates  were  too 
fast.  It  is  therefore  recommended  that  a  strain  rate  to 
ensure  a  fully  drained  test  be  found  for  the  direct  shear 
apparatus  using  a  trial  and  error  procedure  and  Little 

Smoky  specimens.  The  residual  strength  parameters  should 
then  be  compared  to  those  obtained  in  this  thesis.  For  the 
triaxial  undrained  tests,  a  trial  and  error  procedure  should 
also  be  used  to  determine  the  absolute  minimum  values  of 
effective  stress  parameters  possible.  This  may  involve  a 
strain  rate  equivalent  to  creep  with  pore  pressure 
measurement . 

b.  An  attempt  should  be  made  to  accurately  determine 
the  higher  preconsolidation  load  of  the  Little  Smoky  Clay 
Till.  Consolidation  tests  on  undisturbed  and  remoulded 

2 

specimens  should  be  conducted  using  pressures  up  to  100  kg/cm 
to  completely  define  the  pressure- void  ratio  characteristics. 
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High  pressure  triaxial  tests  should  then  be  conducted  in  the 
normally  consolidated  and  overconsolidated  range  to  investi¬ 
gate  the  characteristics  of  the  Mohr  envelope  for  undisturbed 
specimens  and  to  verify  the  strength  parameters  obtained. 

High  pressure  triaxial  tests  should  also  be  conducted  on 
remoulded  specimens  in  order  to  investigate  a  curvature  in 
this  Mohr  envelope  and  to  determine  a  suitable  pressure 
range  in  which  remoulded  and  residual  strengths  agree. 

c.  The  residual  strength  parameters  for  the  over¬ 
consolidated  clays  of  the  Edmonton  formation  should  be  deter¬ 
mined  and  used  to  investigate  bank  instability  along  the 
North  Saskatchewan  River  in  the  Edmonton  area. 

d.  The  dilation  and  deformation  characteristics  of 
cohesive  soils  in  laboratory  tests  require  investigation. 

The  author  is  not  sure  of  the  form  this  should  take  but 
recommends  that  thin  sections  should  be  taken  from  triaxial 
specimens,  where  possible,  to  observe  changes  in  structure 
caused  by  shear.  Also,  a  routine  procedure  of  taking  five  or 
six  final  moisture  contents  vertically  through  triaxial 
specimens  should  be  established  to  accurately  define  a  degree 
of  moisture  migration  and  this  may  lead  to  a  relationship 
between  overconsolidation  ratio  and  dilation.  The  results 

of  this  research  may  invalidate  the  measurement  of  pore 
pressures  at  the  base  of  triaxial  specimens  of  very  stiff 
soils  and  indicate  that  dilation  is  not  just  restricted  to 
apparently  overconsolidated  specimens . 


. 
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e.  Research  should  be  continued  into  the  shearing 
resistance  of  homionic  montmorillonite  cohesive  soils, 
particularly  overconsolidated  specimens.  It  is  suggested 
that  a  comparison  of  a  potassium  and  sodium  clay  be  made  with 
respect  to  the  degree  of  retention  of  cohesion  and  high 
strength  after  being  rebounded  from  a  high  prestress.  The 
prestress  should  be  sufficiently  high  to  provide  test 
moisture  contents  no  greater  than  30  per  cent  after  a  rebound 
to  approximately  100  psi,  which  would  approximately  duplicate 
field  conditions  found  in  Alberta.  Normal  laboratory  test 
procedures  pertaining  to  the  triaxial  compression  test  should 
be  employed.  It  is  possible  that  the  specimens  homionic  to 
sodium  may  act  normally  consolidated  in  shear  even  though 
subjected  to  a  high  degree  of  preconsolidation. 

f.  With  respect  to  the  movements  at  the  Little  Smoky 
bridge  site,  it  is  suggested  that  slope  drainage  be  improved. 
Some  form  of  shore  protection  should  also  be  constructed  on 
the  west  bank  to  prevent  river  erosion.  The  exact  area  that 
the  protection  should  cover  should  be  known  after  the  move¬ 
ments  have  been  defined  by  slope  stakes,  recently  installed. 


\ 
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DRAWINGS  OF  SHEAR  BOX  AND  TRIMMER 
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PROCEDURE 

PROCEDURE  FOR 


FOR  DIRECT  SHEAR  TESTS 

PREPARATION  OF  THIN  SECTIONS 


APPENDIX  C 


MOTORIZED  SHEAR  BOX  PROCEDURE 

Preparation  for  Test 

a.  Saturate  porous  stones  at  bottom  of  shear  box 
tank . 

b.  Place  saturated  filter  paper  over  porous  stones. 

c.  Place  saturated  porous  stone  over  filter  paper. 
Nickel  porous  plate  is  available  for  the  4  in.  x 
2  in.  shear  box  size. 

d.  Place  saturated  filter  paper  over  porous  stone 
and  dentated  plate  over  filter  paper. 

e.  Place  lower  shear  box  section. 

f.  Saturate  the  lower  porous  stone  with  water  from 
the  burettes  connected  to  the  shear  box  tank. 

g.  Deaired,  distilled  water  should  be  used  throughout. 

Preparation  of  Specimen 

a.  A  stainless  steel  trimmer  is  available  to  cut 
4  in.  x  2  in.  samples  from  4.75  inch  Shelby 
tube  samples.  Specimens  can  be  made  any  height 
up  to  4  inches  but  consideration  of  settlement 
during  consolidation  should  be  made  in  order 
that  the  top  of  the  sample  does  not  settle 
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below  the  top  shear  plane.  The  ideal  is  to  obtain 
a  sample  height  that  will  ensure  equal  drainage 
paths  from  the  top  and  bottom  shear  plane.  This 
height  is  approximately  3  inches  when  the  thick¬ 
ness  of  porous  plates  and  teeth  are  considered. 

A  wire  saw  can  be  used  to  cut  the  sample  along 
the  trimmer  mortices. 

b.  Determine  initial  moisture  contents  from  the 
trimmings  as  desired. 

c.  Measure  the  width,  height  and  length  of  the  speci¬ 
men  and  weigh. 

d.  Place  the  specimen  in  the  lower  section  of  the 
shear  box  and  press  lightly  onto  the  dentated 
plate . 

e.  Place  the  remaining  two  shear  box  sections  over 
the  sample. 

f.  Insert  bolts  into  the  shear  box.  In  this  order, 
place  dentated  plate,  filter  paper,  porous  plate, 
load  cap  and  ball  bearing  on  top  of  the  sample. 

g.  Tighten  the  set  screws  of  the  top  shear  box  section. 

Consolidation 

a.  Determine  the  rate  of  loading  to  be  used  in  the 
consolidation  phase.  It  must  be  remembered  that 
the  tare  pressure  of  the  hangar  and  lever  arm  is 
0.914  Tsf  for  a  4  in .  x  2  in .  sample  and  this  does 
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not  include  the  weight  of  the  porous  stone  and  ball 
bearing . 

b.  To  start  consolidation,  place  the  load  hangar  and 
weights  and  counterbalance  the  lever  arm.  Fill  the 
shear  box  with  distilled  water.  Adjust  a  dial 
gauge  or  DTDT  over  the  hangar  to  record  vertical 
deflections.  Counterbalance  the  lever  arm  with  the 
screw  jack  as  volume  changes  occur. 


Shear  Test 

a.  Determine  the  coefficient  of  consolidation  C,  from 

b 

the  consolidation  phase  in  the  shear  box.  The 

square  root  time  method  (Taylor,  1948)  appears  to 

give  the  best  time-settlement  relationship.  Using 

this  value  of  C,  ,  calculate  the  time  to  failure 

b 

using  the  formula  derived  by  Gibson  and  Henkel 

H2 

(1954)  t  =  - - - 

’  f  2  C,  (1  -  u  )  where  H  is  one  half 
b  c 

the  height  of  the  sample  and  uc  is  the  degree  of 
consolidation  usually  taken  as  95  per  cent. 

b.  Insert  the  load  cell  and  adjust  the  dial  gauge  or  DTDT 
to  measure  the  horizontal  deflection.  Select  the 
gear  settings  to  give  the  appropriate  time  to 
failure.  An  estimate  of  the  failure  deflection 

must  be  made  at  this  time.  A  deflection  of  0.1  inch 
at  failure  has  been  found  for  a  Lake  Edmonton  Clay 
trial  test  and  the  Little  Smoky  Clay  Till.  The 
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deflection  at  failure  for  softer  soils  will  have  to 


be  found  by  trial 

.  The  gear 

settings 

follows : 

1. 

45/45  gear  ratio 

(1:1) 

Setting  A 

.0086  in/min. 

Setting  B 

.00172  in/min. 

Setting  C 

.000345 

in/min . 

Setting  D 

.000069 

in/min . 

Setting  E 

.000014 

in/min . 

2  . 

60/30  gear  ratio 

(1:2) 

All  settings  2  times  (45/45) 

rates . 

3  . 

30/60  gear  ratio 

(2:1) 

All  settings  one- 

half  of  (45/45)  rate 

4  . 

54/36  gear  ratio 

(1:1.5) 

All  rates  1.5  times  (45/45) 

rates . 

5  . 

36/54  gear  ratio 

(1.5:1) 

All  rates  1/1.5  of  (45/45)  rates. 

Separate  slightly  the  shear  box  sections  with  the 
lift  pins  and  remove.  Seat  the  load  cell  and 
drive  piston  by  bringing  on  the  load  slightly 
with  a  high  rate  of  deformation.  Set  the  gear 
ratio  at  the  desired  setting  and  start  the  shear 
test.  Periodically  counterbalance  the  lever  arm 
as  volume  changes  occur. 

c.  To  reverse  the  direction  of  shear,  turn  off  the 
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motor,  reverse  the  motor  and  switch  to  a  high 
deformation  rate  to  release  the  load.  Remove  the 
instrumentation  and  disconnect  the  bolts  holding 
the  tank  to  the  platform.  Rotate  the  tank 
180  degrees.  This  can  be  done  without  removing 
the  normal  load  if  shorter  pistons  are  inserted 
into  the  ends  of  the  tank.  Bolt  the  tank  to  the 
platform,  insert  pistons  and  adjust  instrumentation. 
Start  the  shear  test  as  previously  described. 

This  operation  can  be  carried  out  in  approximately 
10  minutes. 

d.  After  completion  of  the  shear  test,  drain  the  tank 
by  means  of  a  siphon.  Then  remove  the  shear  force. 
This  will  ensure  that  a  minimum  of  water  will  be 
adsorbed  by  the  specimen  after  the  removal  of  the 
shear  stress.  Remove  the  normal  load  and  sample. 
Weigh  the  sample  and  take  moisture  contents, 
preferably  along  the  failure  lines. 
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PROCEDURE  FOR  THIN  SECTIONS 


Theory 

1.  When  thin  sections  are  taken  from  undisturbed 
natural  clays,  it  is  essential  that  at  least  two  sections 
be  made  at  right  angles  to  each  other.  Since  clay 
particles  have  been  described  as  having  thin  rectangular 
shapes,  it  is  possible  that  one  thin  section  may  show  no 
orientation  when  rotated  in  polarized  light  even  though 
preferred  orientation  is  present.  This  is  true  if  the 
line  of  sight  is  perpendicular  to  the  broad  face  of  the 
clay  particles.  For  particles  shaped  like  rods,  it  is 
also  obvious  that  if  the  line  of  sight  is  parallel  to  the 
long  axes  of  the  rods,  that  no  distinction  in  illumination 
will  be  observed  when  rotated  in  plane  polarized  light. 
Taking  sections  at  right  angles  ensures  that  at  least  one 
section  should  show  preferred  orientation  if  it  is  present 
(Mitchell,  1956). 

2.  In  the  direct  shear  tests  conducted,  the  author 
assumed  that  the  long  axes  of  clay  particles  would  be 
horizontal  and  oriented  in  the  direction  of  shear.  It  was 
also  assumed  that  plate-like  particles  would  be  oriented 
with  their  broad  surfaces  facing  upward.  Only  one  thin 
section  was  therefore  taken,  which  was  vertical  and  parallel 
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to  the  direction  of  shear. 

3.  The  procedure  used  was  as  follows: 

a.  A  specimen  having  the  approximate  dimensions 
of  1/4"  x  1"  x  2"  was  taken  and  submerged  in 
melted  Carbowax  heated  to  150°F. 

b.  The  specimen  was  left  in  the  Carbowax  for 
three  days  at  150°F.  During  this  period  the 
Carbowax  and  pore  water  formed  uniform 
mixture  by  diffusion.  This  procedure  eliminates 
to  a  great  extent  the  structural  disturbance 
caused  by  capillary  tensions  during  drying 
(Mitchell ,  1956). 


c.  The  specimen  was  then  allowed  to  cool  at  room 
temperature . 

d.  One  side  of  the  specimen  was  ground  to  a 
smooth,  flat  surface  using  kerosene  as  a 
coolant  and  carborundum  powder. 

e .  The  specimen  was  then  mounted  on  a  heated 
slide  (ground  side  in  contact  with  the  slide) 
Lakeside  70  glue  (Refractive  index  =  1.54) 
was  used  which  required  heating.  When  apply¬ 
ing  the  glue  to  the  slide,  an  effort  was 

made  to  remove  foreign  objects  and  air  bubbles. 

f.  After  the  glue  had  cooled,  the  slide  and 
specimen  were  affixed  to  a  grinding  clamp. 

g.  A  mechanical  grinder  was  used  for  grinding 
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with  kerosene  as  a  coolant  and  carborundum 
powder.  The  thickness  obtained  by  this  opera¬ 
tion  was  controlled  by  the  grinding  clamp. 

h.  Final  grinding  was  conducted  by  hand.  The 

specimen  was  rubbed  over  a  glass  plate  covered 
with  carborundum  powder  with  kerosene  as  a 
coolant.  As  the  specimen  became  thinner,  the 
biref ringeant  colour  of  the  quartz  grains  changed 
in  the  order  of  cloudy,  dark  green,  blue,  red 
and  yellow  under  crossed  nicol  prisms.  A 
uniform  specimen  thickness  was  obtained  by 
ensuring  quartz  grains  throughout  the  specimen 
had  the  same  colour  as  grinding  progressed. 

When  all  quartz  grains  had  a  yellow  colour,  the 
specimen  was  thin  enough  for  rotation  in  polar¬ 
ized  light. 

j .  The  specimen  was  then  covered  with  Permount 
(Fisher  Scientific  Co.  Ltd.)  for  protection. 

The  Permount  was  allowed  to  cool. 

k.  The  specimen  was  then  rotated  under  polarized 
light,  various  light  intensities  being  used 
to  achieve  the  greatest  distinction  in  illu^ 
mination . 

4.  Carbowax  is  produced  by  Union  Carbide  Ltd., 
and  is  available  at  different  melting  points.  Carbowax 
20,000  was  found  to  be  successful  since  it  had  a  high 
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melting  point  and  the  wax  did  not  melt  when  the  specimen 
was  mounted  on  the  heated  slide.  Mitchell  (1956)  used 
Carbowax  6000  which  has  a  lower  melting  point  but  he  used 
glue  that  required  no  heat. 
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